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1. Background 
Since the industrial revolution back in the XVIII century, human society and 
technology have been developing exponentially. So far, the higher the 
development degree of a society, the higher are the consumption and demand of 
products and services. This development is directly linked to the sustained 
increase of production in all areas from food supplies, textile and garments to 
high-end tech such as smartphones, computers [1] [2] [3] [4] as well as new 
materials with enhanced performance and durability like plastics and electronics 
for building, clothing, gadgets manufacturing and so. In addition, the production 
of chemicals as precursors or as finished products themselves are also a high 
source of pollution due to all the manufacturing by-products [5] [6]. 
Consequently, such ever-increasing demand could be seen as a source of ever-
increasing environmental pollution. Even though usually related, we could 
classify the types of pollution depending on which media is being affected [7], 
for instance; we have soil pollution due to introduction of chemicals or 
destabilizing the natural chemical soil concentrations of metallic ions due to the 
extended intensive-production of crops (i.e. soil poisoning by metal traces of 
cadmium (Cd), lead (Pb), arsenic (As), chromium (Cr) among others [8][9]) and 
intensive livestock farming also promotes soil poisoning due to manure and 
urine, sources of ammonia and methane, nitrates and phosphates [10] [11]; water 
pollution due to dumping waste-waters to rivers and the sea [12] [13]  and finally 
air pollution due to the release of dangerous and hazardous gases and its 
uncontrolled emission to the atmosphere. This is mainly caused by the 
transportation of goods globally, but also by private transport, which are the 
focus of pollution generation, especially in cities [14][15][16]. Despite all sources 
of pollution and polluted medias are utterly concerning, air pollution is the most 
affected media by far, figure 1. shows major pollution sources. 
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 Figure 1. Pollution share contribution in percentage from different emitting sources. A) NH3 
sources; B) NMVOC sources; C) NOx sources; D) SOx Sources. Data extracted from European 
Environmental Agency (EEA): Emissions of the main air pollutants by sector group in the EEA-
33. 
Anthropologic sources are the ones with higher impact and largely contributing 
to the decrease in the air quality globally but specially in big cities and high-
density inhabitants’ clusters [17] [18]. The impact of air pollution in human health 
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has been investigated and tracked by the EEA which consist on 39 members; 33 
members countries plus 6 cooperating countries, during the last years. Such 
studies reflect the burden caused by air pollution, which has been correlated to 
premature deaths (Table 1.), life-spawn shortening, increasing medical costs and 
a global impact to a country economy. 
Table 1. Premature death directly attributed by EEA to air pollution. Data is relative to the 
European Union Member Countries (EU-28). 
Year PM2.5 O3 NO2 
2012 403000 16000 72000 
2015 391000 16400 76000 
2016 374000 14000 68000 
 
The World Health Organization (WHO) classifies gas pollutants as primary and 
secondary. Namely, primary pollutants are those which are emitted to the 
atmosphere and remain as pollutants or are inclined to react with the 
environment and release secondary pollutants. The primary pollutants described 
by WHO are ammonia (NH3), carbon monoxide (CO), nitrogen oxides (NOx), 
non-methane volatile organic compounds (NMVOCs), Ozone (O3) and sulfur 
dioxide (SO2), Benzo(a)pyrene (BaP) as indicator of polycyclic aromatic 
hydrocarbons as well as particle matter PM2.5 and PM10. There are both 
anthropologic and natural emitting sources for the above listed gases [19] 
[20][21][22][23][24][25], being the anthropologic sources, the ones having the 
major impact on the environment and human health. The European Union 
establishes limit threshold values (Table 2) for human exposure and calculates 
and assesses the impact of air pollution through the exposure of populations, 
especially those living in urban areas, to the different primary pollutants [26] [27]. 
Table 2. Threshold values stablished by European Union and population percentage 
exposed to values higher than the limits through years.  
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Pollutant EU reference value (1) 2014 to 2016 (%) 2015 to 2017 (%) 
PM2.5 Year (25) 6-8 6-8 
PM10 Day (50) 13-19 13-19 
O3 8-hour (120) 7-30 12-29 
NO2 Year (40) 7-8 7-8 
BaP Year (1) 20-24 17-20 
SO2 Day (125) < 1 < 1 
(1) Values in g/m3 expect for BaP in ng/m3. 
Despite that the number of deaths attributed to air pollution is slightly decreasing 
through the years (Table 1.), a huge percentage of population it is still exposed to 
pollutant concentrations higher than the limit values established as safe values 
(Table 2) and, therefore, new actions should be taken to prevent both the emission 
to the atmosphere of and exposure to such pollutants. 
In this thesis the focus is placed in the fabrication, development and 
understanding of gas sensors in order to cope with the air pollution burden, 
through the fabrication of sensors capable to be employed as air quality 
monitoring and air quality measurement systems. Therefore, nanostructured 
sensing layers are developed as new sensors with enhanced properties towards 
the detection of specific gases in order to achieve the best selectivity and 
sensitivity towards such targets at trace or low concentration levels.  
2. Metal Oxide Gas Sensors 
2.1. Solid State Sensors  
Solid state sensors can be found integrated in electronic circuits in a wide range 
of applications from safety in industrial environments (i.e. H2S monitoring, 
explosion limit alarms) to health care applications (i.e. Oxygen measurements, 
glucose in blood). The commercially available sensors could be classified by 
means of their working principle or the physicochemical property being 
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measured. For instance, there are sensors based on electrochemical signals 
produced by chemical reactions such as electrochemical cells or chemo-resistive 
sensors in which the responses typically are read as a voltage o current change 
(case of electrochemical) or resistance change (case of chemo-resistive) and then 
correlated with the concentration of a target gas. On the other hand, catalytic 
sensors, gravimetric sensors and optical sensors are based on measuring physical 
properties such as thermal differences, weight or optical properties (adsorption, 
fluorescence, plasmon resonance, only to cite a few). Currently, the most 
successful commercially available, low cost sensors for air quality monitoring are 
those based on electrochemical cells (electrochemical) and metal oxide gas 
sensors (chemoresistive). Additionally, pellistors (catalytic) are employed to 
tackle safety issues related to flammable gases (such as hydrocarbons in the 
petrochemical industry). As they represent in most of the cases a simple and 
inexpensive solution to meet the safety requirements. In addition, the growing 
concerns towards air quality and air quality monitoring have increased the 
amount of research and development put in solid state sensors, especially into 
metal oxide gas sensors, the most versatile and promising.  
Electrochemical cell gas sensors consist of a cylinder were the electrodes; counter, 
working and reference, are placed inside together with an electrolyte solution (or 
a solid electrolyte). The solution is in contact with the air through a permeable 
membrane which enables by diffusion the interaction of the gas with the 
electrolyte. The operational procedure is the following, the target gas diffuses 
from the atmosphere to the electrolyte and reaches the working electrode were 
an oxidation-reduction chemical reaction occurs. When a REDOX reaction is 
taking place, a flow of electrons is released either for oxidation or reduction, the 
main difference would be found in the circulation of the electron flow, for 
instance, depending on which type of target gas is being measured, the reaction 
taking place will be an oxidation ( CO oxidizing to CO2) and the electrons will be 
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flowing from the working electrode towards the counter electrode or a reduction 
(Oxygen reducing to H2O) in which case the electrons will flow from the counter 
electrode to the working electrode. Finally, the electron current can be measured 
and correlated with the concentration of gas measured. Those type of sensors are 
present in environmental monitoring for measuring a wide spectrum of pollutant 
gases but also in healthcare applications such as oxygen measuring or the indirect 
glycaemia analysis via breath analysis, as they can be fairly precise, inexpensive 
and easy to manage.  The main drawback for such sensors is the lifetime span, 
which is dictated by the stability and evaporation of the electrolyte. Furthermore, 
another important drawback and maybe the most important is the size of such 
sensors as a further miniaturization is almost impossible due to the need of the 
electrolyte as well as the electrode architecture.  
Pellistors find their use as alarm sensors to assess the total amount of flammable 
compounds present in a given atmosphere. The structure of a pellistor consists 
of two main parts: a platinum string wire coated with a porous material, typically 
alumina, with catalyst spread among the shell. Pellistors are placed in pairs and 
used as a comparator meanwhile one is the active sensor the other remains as a 
reference at a fixed temperature (flammable gases cannot reach the surface of the 
reference pellistor). The flammable compounds present in the atmosphere are 
burnt next to the active pellistor and the increment on its temperature in 
comparison to the reference is indicative of the concentration of flammables. 
Such sensors are suitable for detecting flammables under their lower explosive 
levels, i.e. at concentrations of near under 1 %. The main drawback for pellistor 
based sensors is their lack of ability to distinguish among a mixture of gases nor 
the possibility to quantify each gas in a mixture as all gases are burnt and 
therefore the contribution of each gas to the temperature increase is added up. 
The main use for such sensors is in industrial areas were the prevention of the 
occurrence of an explosion is the main concern.  
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Semiconductor metal oxide (SMOx) gas sensors are by far the most promising 
materials for gas sensing at low costs. Back in 1970s Taguchi patented the first 
metal oxide sensor [28] and from then and on, the research and efforts to develop 
new sensors have grown exponentially. Figure 2 shows the publication trend 
related to SMOx gas sensors, which increases year by year. Metal oxides are 
suitable to perform gas sensing measurements due to their exceptional 
properties. The most common metal oxide used and extensively researched is by 
far tin oxide (SnO2), although tungsten trioxide (WO3), zinc oxide (ZnO) and 
indium oxide (In2O3) are also being studied in order to develop new sensors 
based on different metal oxides. Among their properties, semiconductor metal 
oxides usually have great chemical resistance, thermal resistance, long-term 
stability in terms of structure and morphology, and above all properties 
mentioned, the possibility to shape them into nanostructures is the most 
attractive characteristic as it implies the development of new characteristics and 
the capability to tailor their sensing properties.  
 
Figure 2. Yearly publications in the field of metal oxide gas sensors. Data extracted from Scopus 
key words “Metal oxide gas sensor”. 
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Abstract
Energy demand has been systematically increasing and the trends indicate that
this pattern will not change in the next decade. The use of fossil fuels is
responsible for the emission of gases related to global warming together with
air pollutants such as toxic species and particulate matter. The realization of a
green economy requires the safe use of clean and virtually inexhaustible energy
sources. In that sense, hydrogen obtained via solar water splitting has potential for
becoming an alternative fuel. The safe production, transport and use of hydrogen
as a fuel source requires the improvement of currently existing hydrogen sensors.
This chapter critically reviews the current technologies and the main research
trends in hydrogen sensing.
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The demand on energy is systematically increasing and the trends indicate that this
demand will keep increasing in the years to come. Nowadays, fossil fuels such as
petroleum and natural gas are the main energy sources. However, these are non-
renewable and responsible for the emissions of both green-house gases (e.g., carbon
dioxide), leading to global warming, and air pollutants (e.g., nitrous, sulfur com-
pounds, and particulate matter), causing respiratory and cardiovascular diseases.
The World Health Organization estimates that air pollution is responsible for about
5.4% of all deaths, worldwide, namely some 7 million deaths yearly [1]. Therefore, it
is not surprising that the last years have seen important efforts for identifying and
developing new energy sources. Renewable sources of energy such as solar, wind,
geothermal, hydroelectric, or tidal energy present some limitations in capturing,
storing, and transporting this energy. Batteries are in constant evolution for amelio-
rating performance; however, the range of standard vehicles still compares favorably
to the one achieved by electric vehicles and, the production of such batteries, also has
an impact in the environment.
An ideal fuel should be energy-efficient, clean, safe to produce, store and use, and
virtually inexhaustible. The fact that hydrogen possesses most of these qualities
explains why it is being evaluated as a serious option for the replacement of fossil
fuels and natural gas in industrial and transport applications [2]. Hydrogen is a very
efficient energy carrier, namely, its energy density in MJ/kg nearly triples the one of
natural gas, gasoline, diesel, or LPGs. In addition, its combustion (oxidation) pro-
duces water, and results in a virtually-zero emission fuel [3]. Pure hydrogen has been
manufactured for more than a century and used safely in many petrochemical
applications and in rocket propulsion [4]. However, a few severe accidents with
important impact have prevented hydrogen to become largely accepted as other fuels
in vehicles or for in-home use [5]. Hydrogen is 14 times lighter than air, so it diffuses
swiftly. Its absorption on metals causes a loss in ductility (embrittlement), which
may eventually result in the failure of the container employed for storage, transport,
or delivery. A hydrogen leak may become a serious incident, since hydrogen shows
a very wide range of flammability (from 4% to 75% in air), very low ignition energy,
and high flame velocity. In [6], a valuable discussion on the risks associated to
hydrogen and the safety measures to be implemented is given. Therefore, the
realization of a hydrogen economy demands high degrees of safety to be achieved
and, in particular, this demands the development of reliable, inexpensive, highly
responsive, and selective hydrogen sensors. Such sensors should be able to detect
and raise an early warning in case of a hydrogen leak. Hydrogen sensors would be of
use along the whole chain of hydrogen production, storage, transport, and end-point
application.
According to the US Department of Energy, hydrogen safety sensors research and
development activities should target at meeting the specifications as follows [7]:
• A measurement range spanning from 0.1% to 10%
• Operating temperature range from 30 C to 80 C
• Response time lower than 1 s
• Ambient humidity range from 10% to 98%
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• Lifetime: 10 years
• Selectivity: Not affected by carbon monoxide, hydrocarbons, etc.
Here, we review the state of the art for the detection of hydrogen employing gas
sensors, discuss strengths and weaknesses of the different options available, and
identify the most promising approaches. In addition, recent developments of nano-
materials with potential for the realization of inexpensive and highly sensitive
hydrogen sensors are presented and critically discussed.
Electrochemical Sensors for Detecting Hydrogen
Electrochemical sensors are among the most successfully commercialized sen-
sors for hydrogen safety applications [8]. Amperometric and potentiometric
electrochemical sensors are the two main configurations employed for detecting
hydrogen. In electrochemical sensors, a working electrode (Pd or Pt) is separated
from a counter electrode by an electrolyte (most hydrogen sensors utilize H2SO4
electrolytes). In the amperometric configuration, hydrogen molecules diffuse
through a hydrophobic porous membrane (generally in Teflon or in poly-
tetrafluoroethylene) to reach the working electrode surface where they oxidize
to hydrogen ions, giving two electrons to the electrode per hydrogen molecule.
The membrane also prevents the liquid electrolyte to leak out of the sensor. This
results in a current that is proportional to H2 concentration [9]. In potentiometric
sensors, the potential difference that develops between the working and counter
electrodes at zero current (i.e., when the membrane is at thermodynamic equi-
librium and there is not net flux of ions) is measured and the concentration of
hydrogen is then derived from the Nernst equation [9]. Electrochemical sensors
have good hydrogen sensitivity since some especially sensitive devices show
detection limits of about 100 ppm (i.e., 0.01%). Their response time is about
1 min and their lifetime is up to 2 years. The use of liquid electrolytes is often a
burden for achieving the miniaturization of the devices and their operability
below freezing conditions is at the cost of including a heating element. While
ambient humidity does not cause a problem (thanks to the hydrophobic gas
diffusion membrane employed), electrochemical hydrogen sensors often suffer
from significant cross-sensitivity to other gases such as carbon monoxide.
Miniaturization of electrochemical sensors and cost-reduction via use of solution
processing or standard MEMS fabrication technologies can be achieved by replacing
the liquid electrolyte by a polymer electrolyte or a solid electrolyte. The most
employed polymer electrolyte for detecting hydrogen is NAFION, which shows
good chemical stability and great ion conductivity [10]. However, sensor response is
affected by ambient humidity. Solid electrolytes (these are crystalline or polycrys-
talline proton conductors [9]) require in general significantly higher operating
temperatures for achieving good ion conductivities and this reduces their lifetime
by triggering electrode-poisoning mechanisms. The cost for an individual electro-
chemical sensor is in the few tens of dollars range.
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Catalytic Hydrogen Sensors
Under this approach, we can find pellistors, thermoelectric, and thermal conduc-
tivity sensors.
In pellistors, the exothermic catalyzed oxidation of hydrogen in a Pt-loaded
porous bead rises its temperature and this is detected by a Pt wire within the bead,
which serves both as heating element and thermometer. Pellistors work at signifi-
cantly high temperatures, are prone to poisoning (i.e., deactivation of the catalyst by
silicones or phosphorous compounds), and are not selective to hydrogen. Some
selectivity can be achieved, however, by employing porous over layer coatings
acting as filters or molecular sieves. Pellistors are commercially available and sold
by millions a year, but are employed for unspecifically detecting flammable species
(e.g., total hydrocarbons) [11].
Thermoelectric hydrogen sensors employ a film of a thermoelectric material (e.g.,
alkali-doped NiO [12] or SiGe [13]) deposited as a thin or thick film on an insulating
substrate (e.g., glass or alumina). Part of the thermoelectric film is coated with a
suitable catalyst (e.g., Pt) and the remaining film is left unmodified. Upon exposure
to hydrogen, the Pt-loaded part will increase its temperature due to the exothermic
oxidation reaction and this generates a temperature gradient along the thermoelectric
material. This temperature gradient results in a voltage signal generated by the
Seebeck effect, which is related to hydrogen concentration. In comparison to
pellistors, thermoelectric sensors are operated at a significantly lower temperature,
which helps reducing their cross-sensitivity to other flammable gases. The response
times for both pellistors and thermoelectric sensors are in the few tens of seconds
range.
Thermal conductivity sensors can be employed for measuring hydrogen, since
this gas shows a significantly higher thermal conductivity than air. In this approach,
two deactivated pellistor beads (i.e., not loaded with Pt catalyst) are kept with a fixed
temperature difference between them and heat transfers from the hot to the cold bead
by thermal conduction via the gas under analysis. The power needed to keep the hot
element at known and fixed temperature above the one of the cold element depends
on the thermal conductivity of the gas analyzed. If this gas is assumed to be
hydrogen, then this power can be translated into hydrogen concentration. Thermal
conductivity sensors are interesting because they can operate without oxygen, they
are not prone to poisoning (since no catalyst is used), and show response times in the
range of few ten seconds. However, these sensors cannot detect low hydrogen
concentrations (only higher than 1%), are affected by changes in ambient tempera-
ture, and high thermal conductivity gases such as methane or carbon monoxide
would generate important cross-sensitivity [14].
Resistive Gas Sensors
Resistive gas sensors include metal oxide, metallic, and carbon nanomaterial chemo-
resistors for the detection of hydrogen.
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Metal Oxide Gas Sensors
Metal oxide gas sensors have been extensively researched and used for the detection
of both reducing and oxidizing species in air. Metal oxide gas sensors are sold by
millions every year and most of these employ tin oxide, an n-type semiconductor
material, as gas-sensitive material. When devised for detecting hydrogen, commer-
cially available metal oxide gas sensors can detect this gas from about 10 ppm up to
half its lower explosive limit (LEL) in air (i.e., 2%), with response times of about
few tens of seconds. The response mechanism involves the hydrogen molecule being
adsorbed on the sensor surface and reacting with surface ionosorbed oxygen species,
which results in the formation of water that is eventually desorbed from the metal
oxide surface. The presence of hydrogen decreases the amount of oxygen adsorbates
in which electronic charge is trapped. This increases the amount of free electrons in
the conduction band of the metal oxide semiconductor, which translates in a decrease
in sensor resistance (for n-type metal oxides such as SnO2). In general, high
operating temperatures (e.g., well above 150 C and typically of 300 C and even
higher) are needed for these sensors to be sensitive and fast enough. Valuable
reviews on metal oxide materials for detecting hydrogen can be found in [15, 16].
Hydrogen response of metal oxide gas sensors is affected by ambient moisture and
shows significant cross-sensitivity to many toxic species. A way to improve hydro-
gen selectivity consists of loading metal oxides with small amounts of noble metals.
Pd or PdO nanoparticles have been widely used for increasing the sensitivity of
metal oxides to hydrogen [17–19]. Pd-based nanoparticles dissociate hydrogen
molecules to hydrogen atoms, enhancing electrochemical reactions at the surface
of metal oxides. High hydrogen sensitivity has been reported employing Pd-loaded
metal oxides such as SnO2 [20], ZnO [21], or WO3 [22], operated at temperatures
near to 300 C. In the last few years, the use of low-dimensional metal oxide
nanostructures (e.g., nanoparticle, nanowires, nanorods) has been studied for hydro-
gen sensing, because these offer higher specific surface area and interesting charge
transport characteristics [23]. Pd-loaded WO3 nanoclusters have been found to be
sensitive and stable enough for detecting hydrogen in real applications [24].
Recently, Annanouch and coworkers [25] reported the direct growth, via a chemical
vapor deposition process, of PdO-loaded WO3 single crystalline nanowires onto
MEMS resistive transducers. Figure 1 illustrates the sensor and the morphology of
the nanomaterial.
These sensors show a high response to hydrogen (>500 for 100 ppm of H2),
extremely low cross-sensitivity to ammonia, benzene, or carbon monoxide (the
response for these species is more than 250 times lower than for hydrogen at equal
concentration), and are largely insensitive to ambient moisture. The optimal operat-
ing temperature for detecting hydrogen is 150 C, at which sensors respond in a few
ten seconds. However, sensors retain high hydrogen response (>20 for 500 ppm of
H2) at a low operating temperature of 50 C.
At 150 C, both electronic and chemical sensitization explains the hydrogen
sensing mechanism of PdO-loaded WO3 nanowires. In electronic sensitization,
PdO nanoparticles behave as p-type semiconductors, which accept electrons from
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the n-type WO3 nanowires and develop electron depletion layers at the PdO-WO3
interfaces. When hydrogen interacts with PdO nanoparticles, the molecule dissoci-
ates into positively charged hydrogen ions, electronic charge is transferred from PdO
toward WO3, and the electron depletion layers are relaxed. In consequence, the
electrical resistance of the film decreases in the presence of hydrogen [26]. In
chemical sensitization, PdO nanoparticles increase the concentration of oxygen
adsorbed species on the surface of WO3 nanowires and favor that hydrogen ions
spill over WO3 where they react with oxygen surface species [26, 27]. Once more,
this leads to a decrease in sensor resistance in the presence of hydrogen. It is well-
known that Pd and PdO nanoparticles are very reactive in the dissociation of the
hydrogen molecule and generation of hydrogen ions, and this explains the extremely
high response to hydrogen in comparison to the low response observed for ammonia,
benzene, or carbon monoxide [28]. This response mechanism is illustrated in Fig. 2a.
At low operating temperatures (e.g., at 50 C), Annanouch and coworkers [25]
showed that the sensing mechanism was related to the dissolution of atomic
Fig. 1 Film morphology observed by SEM images at (a and b) low and (c) high magnification. The
MEMS substrate comprises four membranes with independent heating resistor and electrodes. (d)
TEM image of a Pd nanoparticle-decorated WO3 nanowire. HRTEM images of (e) WO3 nanowires
and (f) Pd nanoparticles. The color code of the insets corresponds to the areas indicated in the TEM
image from which the HRTEM images were taken (Adapted from [25], with permission #The
American Chemical Society, 2016)
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hydrogen in PdO nanoparticles forming a palladium hydride (PdHx). Palladium
hydride has a lower work function compared to PdO, facilitating the transfer of
electrons from nanoparticles to the WO3 nanowires [29]. This results in the decrease
in sensor resistance upon exposure to hydrogen. The formation of palladium hydride
can be seen as the initial part of the mechanism described for higher temperatures, in
which the spillover of hydrogen ions is arrested due to the low operating tempera-
ture. When hydrogen is removed from the ambient, PdO nanoparticles are
regenerated and sensor resistance is raised back to its baseline value. This explains
why a remarkable hydrogen response is retained, even when the operating temper-
ature is significantly reduced. This response mechanism is illustrated in Fig. 2b.
As observed in PdO/WO3 nanowires, the loading with Pd or PdO nanoparticles
helps suppressing cross-sensitivity to water vapor. Existing studies on Pd or PdO
nanoparticles supported on n-type metal oxides indicate that adsorbed oxygen
species are not influenced by the presence of water vapor and that the electron
depletion layers resulting from the p-n heterojunctions impede the adsorption of
hydroxyls [30]. Furthermore, well dispersed Pd nanoparticles provide initial adsorp-
tion sites for oxygen species, minimizing the effect of ambient moisture on the Pd/
metal oxide surface [31].
Fig. 2 Mechanism of WO3 sensitization by PdO nanoparticles toward H2 (a) at an operating
temperature clearly exceeding that of the ambient temperature and (b) at an operating temperature
equal or lower than 50 C (Reproduced from [25], with permission #The American Chemical
Society, 2016)
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Metallic Chemoresistors
This approach exploits the fact that many metal and metal alloys increase their
resistance upon the absorption of hydrogen. In line with what is discussed above,
palladium is a good choice since hydrogen is highly soluble in this metal and the
H2/Pd interaction is quite selective. Palladium hydride shows higher electrical
resistance than metallic palladium and, thus, a palladium resistor can be employed
as a hydrogen sensor [32, 33]. Pure Pd hydrogen sensors are prone to poisoning by
hydrogen sulfide, sulfur oxide, and, to a lesser extent, by carbon monoxide [34].
Resilience to poisoning and long-term stability heavily depends on the morphology
and microstructure of Pd films [35]. For example, the use of Pd alloys with Ni or Ni-
Mg seems to suppress the phase transition occurring in pure Pd exposed to hydrogen,
enhancing sensor stability [36, 37]. In a different approach, the fact that Pd nano-
particles and nanowires swell upon hydrogen absorption and formation of palladium
hydride has been exploited for developing resistive hydrogen sensors consisting of
sparsely distributed Pd nanostructures deposited over interdigitated electrodes [38,
39]. The resistance of these films drops when hydrogen is present (due to new
conductive paths appearing, upon nanostructure swelling). Limits of detection of
about 10 ppm H2 with millisecond response times have been reported.
A few commercially available hydrogen sensors employ metallic Pd resistors for
measuring hydrogen, typically in the 0.5–30% concentration range at temperatures
varying from room temperature to 200 C. Response time is about a few seconds.
Carbon Nanomaterial Chemoresistors
Carbon nanotubes in the form of mats deposited by drop casting, air-brushing, or
inkjet printing over substrates comprising a pair of interdigitated electrodes have
been explored as gas sensitive nanomaterials [40, 41]. Carbon nanotubes produced
either by arc discharge or chemical vapor deposition are chemically treated (e.g., by
wet chemistry processes or by reactive cold plasmas) to graft functional groups to
their external wall and/or generate controlled defects [42, 43]. These treatments
allow carbon nanotubes to de-bundle, giving better suspensions in standard solvents
and enabling the coating of substrates with quite homogeneous films. In addition,
defects can be used to graft metal or metal oxide nanoparticles to carbon nanotube
sidewalls in a quite homogeneous and stable manner, which tailors, to some extent,
the reactivity of the resulting hybrid nanomaterials to different target gases [43–45].
Given the fact that the catalytic properties of Pd or Pt nanoparticles in the
decomposition of hydrogen were well known, and these had been already exploited
in the context of metal oxide hydrogen sensors, different research groups have
reported promising results in the detection of hydrogen employing Pd [46, 47] or
Pt [48] nanoparticle-decorated carbon nanotube films. The mechanism of detection
is attributed to the chemisorption of hydrogen via adsorption at catalytic particles,
dissociation, and spill-over onto carbon nanotubes. Upon hydrogen adsorption,
electronic charge is transferred toward carbon nanotubes. In addition, an electronic
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sensitization effect caused by the dissolution of hydrogen at Pd or Pt interstitials with
electronic charge transferred from nanoparticles to carbon nanotubes has been
considered too [48]. Hydrogen exposure results in an increase in sensor resistance,
indicating that Pd- or Pt-decorated carbon nanotubes mats behave as p-type semi-
conductors. The intensity of this resistance increase correlates well to hydrogen
concentration in the ambient. This response is reversible and the baseline resistance
of the sensor is regained when hydrogen is removed from the ambient. Reaction of
ambient oxygen with chemisorbed hydrogen at carbon nanotubes and with dissolved
hydrogen at Pd or Pt interstitials with the formation of water molecules, which
subsequently desorb from the hybrid nanomaterial, is considered to be the mecha-
nism for such reversibility. Even though hydrogen response for sensors operated at
room temperature has been widely reported [46–48], heating to some 100 C helps
ameliorating baseline stability and speeding up response and recovery dynamics.
However, carbon nanotube hydrogen sensors still suffer from long-term stability
issues, baseline recovery is still a matter of minutes rather than of seconds, and their
sensitivity and selectivity appear to be lower than those of the previously discussed
materials. Important cross-sensitivity to nitrogen dioxide, methane, ammonia, and
ambient moisture has been reported [48]. These unsolved issues may explain why
there are no commercially available hydrogen sensors employing carbon nanotube
materials. Despite these difficulties, current research is addressing them and fast
response and recovery (few seconds) hydrogen sensors have been reported
employing a carpet of vertically-aligned carbon nanotube film covered by a 6-nm-
thin film of Pt [49]. These results are illustrated in Fig. 3.
In an attempt to enhance hydrogen sensitivity, the use of Pt supported on TiO2
nanoparticles dispersed on a carbon nanotube mat has been studied very recently
[50]. The role of TiO2 would be to enhance the injection of electron charge onto the
carbon nanotubes upon hydrogen adsorption by minimizing the electron-hole
recombination at the Pt-carbon nanotube interface. This strategy seems to enhance
hydrogen response but, unfortunately, no study on cross-sensitivity to other gases or
ambient moisture has been conducted.
The use of other metals such as Co [51] or Au [52] has been reported in metal-
loaded carbon nanotubes for achieving hydrogen sensors. In [53], the use of single-
walled carbon nanotubes dip-coated onto interdigitated electrodes and loaded
with either Au, Cu, or Sn clusters as resistive sensors was evaluated for detecting
hydrogen in a nitrogen background. Gold was found to be the most promising metal
among the three tested. However, overall performance in all these studies appears to
be slightly lower than the one reported for Pt- or Pd-loaded carbon nanotube sensors.
More recently, the use of graphene-like materials for gas sensing has been
envisaged. High-quality graphene is a material where all its atoms lie exposed to
the environment and, therefore, offers great potential for interacting with its chem-
ical environment. However, similarly to pristine carbon nanotubes, pristine graphene
is poorly reactive with the gases present in its environment and its functionalization
is necessary for enhancing and tailoring gas response. Considering the results
already discussed for carbon nanotube nanomaterials, loading graphene with Pd or
Pt nanoparticles should lead to enhanced responses toward hydrogen. Indeed, many
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authors have reported the hydrogen-sensing properties of Pd- or Pt-loaded graphene
[54–60] or reduced graphene oxide [61, 62]. However, it has already been pointed
out that these nanomaterials suffer from important cross-sensitivity effects and long
recovery times. Besides using metal loaded graphene, metal oxide particles
supported on graphene flakes have been reported as well for hydrogen sensing. In
[63], graphene was synthesized via a modified Hummer’s method and the In2O3/
graphene hybrids were obtained by mixing graphene with ethanol and indium
acetylacetonate under sonication, autoclaving for 24 h at 150 C in a Teflon vessel
and finally calcining at 600 C for 2 h. The resulting powders are drop casted onto a
substrate with interdigitated gold electrodes. Sensors show optimal hydrogen
response when operated at 250 C, which seems rather high. In addition, they suffer
from baseline drift and no cross-sensitivity study is reported. Similarly, other metal
oxides such as titanium [64] or tungsten oxides [65] have been employed in Pt- or
Pd-loaded-metal oxide/graphene hybrids.
In [66], an innovative sensor configuration is presented in order to fight cross-
sensitivity issues. A resistive sensor is built employing high-quality graphene loaded
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Fig. 3 Forest of vertically aligned carbon nanotubes coated with a thin Pt film on top (upper left).
Flexible sensor (lower left). Hydrogen response comparison between a 6-nm Pt film coated and an
uncoated carbon nanotube sensor (upper right). Repeated response and recovery cycles to hydrogen
for a sensor comprising a 6-nm-thin Pt film coating a forest of vertically aligned carbon nanotubes
operated at room temperature (Adapted from [49], with permission # The American Chemical
Society, 2015)
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with palladium nanoparticles. Hydrogen selectivity is achieved via coating the gas-
sensitive hybrid nanomaterial with a polymethyl methacrylate (PMMA) membrane.
By carefully selecting the thickness of the membrane, hydrogen molecules can easily
diffuse through and reach the gas sensing nanomaterial. In contrast, nitrogen diox-
ide, carbon monoxide, or methane molecules cannot permeate the PMMA mem-
brane and no signal is registered when these species are present in the sensor
environment. The simplified description of the sensor fabrication process is as
follows. Single-layer graphene is CVD-grown onto a Cu substrate. Pd loading is
achieved via galvanic displacement reaction. This enables controlling the amount of
Pd loading while respecting the integrity and quality of the single graphene layer.
The hybrid nanomaterial is coated with a PMMA supporting layer and the Cu
substrate is selectively etched. The hybrid stack is transferred onto a glass sensor
substrate comprising Au/Ti electrodes. The PMMA supporting layer acts as filtering
membrane in the final device. The thickness of the PMMA membrane can be
Fig. 4 (a) Schematic illustration showing the selective permeation of H2 through the PMMA
membrane layer and reaction with all gases without the PMMA layer. (b) Relative resistance
changes of the Pd NP/SLG hybrid sensor for different gases: 10% CH4 (red solid line), 0.5% CO
(green solid line), 0.05% NO2 (black solid line), and 0.025% H2 (blue solid line). (c) Relative
resistance changes of the PMMA/Pd NP/SLG hybrid sensor when exposed to 10% CH4 (red solid
line), 0.5% CO (green solid line), 0.05% NO2 (black solid line), 0.025% H2 (blue solid line), and
mixture gases of 0.025% H2 and 0.05% NO2 (purple solid line), respectively (Reproduced from
[66], with permission #The American Chemical Society, 2015)
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adjusted by further coating the device with PMMA. Figure 4 illustrates the concept
of achieving selectivity via the PMMA filter membrane.
These sensors show good baseline stability and remarkable hydrogen response (in
the 250–10,000 ppm range) when operated at room temperature. Response and
recovery times, which are 2 and 6 min, respectively, are slightly higher than those
found in other carbon nanomaterial sensors. No data is available on ambient
moisture influence and long-term stability.
In [67], a hybrid nanomaterial consisting of Pd nanocubes supported on carbon-
nanotube/reduced graphene oxide (rGO) composites was prepared. Pd nanocubes
were prepared employing seed-mediated growth. The hybrid material was
obtained by mixing and stirring suspensions of Pd nanocubes, functionalized
carbon nanotubes, and reduced graphene oxide flakes. The suspension mixture
was subsequently assembled on nylon paper via filtration method and drying at
40 C. Sensors were obtained by cutting a portion of the coated nylon paper and
making Ag paste contacts on top. Sensor resistance increases in the presence of
hydrogen. This is explained by electrons being transferred from Pd nanocubes
toward the p-type carbon nanotube/rGO upon adsorption of hydrogen and for-
mation of palladium hydride. Such sensors show room-temperature hydrogen
response in a wide concentration range and moderate ambient moisture cross-
sensitivity (15% change in hydrogen response when relative humidity changes
from 41% to 81%). However, sensors suffer from baseline drift and rather slow
response and recovery times (tens of minutes). Cross-sensitivity to potentially
interfering gases has been studied, being nitrogen dioxide and acetylene those
causing the highest response among those tested.
In an attempt to increase the room-temperature hydrogen sensitivity reached
with carbon nanotube or graphene-based materials, the use of graphitic carbon
nitride has been suggested [68]. Graphitic carbon nitride (g-C3N4) is a 2.7 eV
gap, n-type semiconductor material. It consists of carbon and nitrogen atoms
arranged in a graphite like structure. This material is nontoxic, stable under harsh
conditions and can be easily synthesized at affordable cost. In [68], g-C3N4 was
prepared via a direct pyrolysis of melamine and modified by the loading with Pd
nanoparticles employing a modified polyol reduction method. The resulting
powders were ground, mixed with organic vehicles, and the paste was drop
casted onto an alumina substrate with interdigitated gold electrodes. The sensor
device was thermally treated at 150 C under inert atmosphere. This nanomaterial
shows high hydrogen sensitivity and good baseline recovery at operating tem-
peratures that range from room temperature up to 80 C. It is well adapted for
detecting hydrogen in the 1–4% range (i.e., near the lower explosive levels). The
gas sensing mechanism is, once more, attributed to the affinity existing between
hydrogen and Pd. Hydrogen adsorbs and dissociates in Pd nanoparticles forming
a palladium hydride. This lowers the work function of Pd and injects electronic
charge toward the g-C3N4. As a result, the electrical resistance of the film is
lowered in the presence of hydrogen. Ambient oxygen reacts with hydrogen from
the surface of Pd nanoparticles forming water molecules that leave the sensor
surface. This mechanism explains why the sensor baseline is regained after
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hydrogen is removed from the ambient [68]. However, response and recovery
times are rather high, near to 100 s and no information is given on cross-
sensitivity to other gases or ambient moisture.
Metal-Semiconductor or Metal-Insulator-Semiconductor
Structures
In this approach, a catalytic metal is deposited on top of a thin insulator (often a thin
oxide layer) lying on top of a semiconductor. The differences in the work functions
of the metal and the semiconductor material result in a Schottky barrier developing at
the interface. In general, Pd or Pt is used as catalytic metals. Upon exposure to
hydrogen, molecules dissociate and H+ species diffuse toward the metal/oxide
interface. This generates a dipole layer, which changes the work function of the
metal and shifts the energy levels at the metal–insulator interface. Diodes, metal
oxide field effect transistors (MOSFETS), and capacitors are suitable devices for
measuring this change in work function and, therefore, estimate hydrogen concen-
tration. The first diode to be reported as hydrogen sensor employed Pd as catalytic
metal and SiO2/Si as insulator and semiconductor layers [69]. Since then, a wide
spectrum of semiconductor metal oxides in has been explored too. The first reported
hydrogen-sensitive MOSFET employed a porous Pd gate [70]. Since then,
MOSFETs employing Pt or Pd/Pt gates have been reported as well. The first
capacitive hydrogen sensor was reported in [71]. It consisted of a Pd-gate MOS
structure. The reader is referred to [16] for a more detailed description of the working
principles for such devices.
More recently, high electron mobility transistors (HEMT) employing Pd-GaAs
[72], Pt-GaN [73, 74], or Pd-GaN [75] have been reported as hydrogen sensors.
Their sensing mechanism is basically the same already discussed for MOSFETs. The
use of wide bandgap materials offers better stability and higher operating tempera-
ture limits. The low noise characteristics and good linearity in HEMTs should allow
achieving higher sensitivity, especially at low hydrogen concentrations. Figure 5
shows an example of a Pd-GaN hydrogen sensor diode employing the HEMT
configuration. Such sensors have a lower detection limit for hydrogen of about
100 ppm and rather long recovery (of a few minutes). In many cases, hydrogen is
measured in a background of nitrogen and not in air. No data on cross-sensitivity to
other gases and ambient moisture is available.
Devices employing Pt or Pd onto SiC (diodes, capacitors, and FETs) have been
also intensively researched as hydrogen sensors since they were introduced more
than two decades ago [76, 77]. Despite the higher fabrication costs associated to SiC
technology (in comparison to Si technology), SiC has good potential for detecting
hydrogen under harsh conditions and at high temperatures, such as in the exhaust of
a combustion process. Typical operating temperatures lie in the 400–500 C range.
At such high operating temperatures, besides detecting hydrogen, sensors also show
significant response to hydrocarbons, which may be a problem for the reliable
estimation of hydrogen concentration in some applications. Some studies have
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reported that the oxide employed between the catalytic gate metal and SiC has an
impact both in the intensity of hydrogen response and in the response and recovery
times. In addition to SiO2, different metal oxides often employed in resistive gas






























Fig. 5 Schematic cross-sectional of a diode employing an AlGaN/GaN HEMT layer structure
(upper left) optical micrograph of a wire bonded device (upper right). Dynamic response of MOS-
HEMT-based diode under forward bias of 2 V operated at 25 C when the ambient is changed
stepwise from N2 to 10%H2/90%N2 for periods of 10, 20, or 30 s and then back to pure N2 (lower
panel) (Adapted from [73], with permission #MDPI 2009)
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gas sensing mechanism cannot be exclusively attributed to the dissociation of
hydrogen molecules at the catalytic metal gate and diffusion of ions toward the
metal/oxide interface with the formation of a dipole layer. Considering the high
operating temperatures, Pt or Pd increase (via a spillover effect) the number of
ionosorbed oxygen surface species at the metal oxide layer, and consequently, the
amount of electronic charge trapped [79]. Once adsorbed, hydrogen reacts with
surface oxygen leading to the formation of water, which is desorbed from the
surface. This process releases the electronic charge that was trapped with reacted
oxygen adsorbates. This additional mechanism could explain the higher response
intensity and faster response dynamics observed.
Gravimetric Hydrogen Sensors
Gravimetric sensors consist either of bulk acoustic wave (BAW) or surface acoustic
wave (SAW) resonators. Both types have been employed for detecting hydrogen. In
bulk acoustic wave devices, the upper electrode is modified with a catalytic metal
film. Different detection mechanisms have been reported including increased mass
effects upon hydrogen adsorption [80] and increased operating temperature due to
the exothermic decomposition of hydrogen on the catalytic film [81]. When the mass
of the system or the operating temperature changes, this translates in a measurable
change in the resonance frequency of the acoustic signal. In surface acoustic devices,
the propagation channel lying between the excitation and reading electrodes is
coated with a hydrogen sensitive film [82]. Once more, hydrogen adsorption results
in mass and/or stiffness changes, which lead to a variation in the resonance fre-
quency of the acoustic wave. Since these initial, pioneering works, a significant
number of films (metals, metal oxides, organic and hybrids) have been tested for
detecting hydrogen using gravimetric transducers [16]. SAWs are more employed
than BAWs because the former reach higher sensitivity. Two recent examples consist
of using a Pd film [83] or Pd-loaded graphene [84] in SAW devices. In [83],
hydrogen in concentrations ranging from 6700 to 20,000 ppm is found to affect
density and stiffness of the film, which is studied via measuring changes in phase
velocity under the presence of hydrogen. In [84], the negative frequency shifts
observed upon exposure to H2 indicate a mass effect caused by adsorption of
hydrogen in the Pd-graphene coating. The lower hydrogen concentration tested
was 2500 ppm and this value is close to the detection limit. In gravimetric hydrogen
sensors, baseline stability issues and strong humidity cross-sensitivity have pre-
vented this technology to be commercially adopted so far.
Optical Hydrogen Sensors
Once more, Pd has been by far the most studied material for developing optical
hydrogen sensors because it offers interesting properties. Upon exposure to hydro-
gen, Pd films change their optical transmittance in the visible region [85]. Pd, like Au
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or Ag, supports surface plasmon resonance (SPR) phenomena and this characteristic
has been exploited in hydrogen sensing as well [86]. The thermal changes derived
from the formation of palladium hydride during exposure to hydrogen have resulted
in the development of photothermal reflectance sensors [87]. Alloys of palladium
with nickel [88], gold [89], or silver [90] or supporting palladium onto nickel [91],
vanadium oxides [92], calcium fluoride [93], or polymer films [94] have also been
investigated as a means to stabilize palladium, which is prone to suffer from cracks
and delamination after repeated exposures to hydrogen, especially at high
concentrations.
Besides palladium, the fact that some oxides present gasochromic behavior has
been exploited in optical hydrogen sensing. Tungsten trioxide, the most well-known
of these materials, increases absorbance in the visible range upon adsorption of
gases. By supporting Pd or Pt nanoparticles onto tungsten trioxide, optical hydrogen
sensors have been developed [95, 96]. Pd supported on molybdenum oxide [97] or
Au-cobalt oxide films [98] have been studied as well. Finally, some rare-earth
hydrides such as lanthanum [99] or yttrium [100] hydrides show also changes in
their optical properties when exposed to hydrogen.
Employing the above-mentioned materials, many different measurement tech-
niques have been reported. These can be summarized as follows. In one approach, a
Pd micromirror is coated on the cleaved end of a fiber and reflectivity changes
caused by the adsorption of hydrogen on the coating are measured [91]. In a second
approach, a portion of a fiber is coated with Pd. Since Pd changes its refractive index
upon hydrogen adsorption, this translates into a phase shift in the light beam and
such a change can be measured employing interferometry [101]. An optical fiber
supporting a Pd very thin film (few nanomaters in thickness) can excite surface
plasmon resonance. SPR is affected by changes in the structure of the metal such as
the formation of palladium hydride in the presence of hydrogen and this can be
detected, for example, as a change in the intensity of reflected light. Sensors based on
reflectivity changes employing SPR are more sensitive than those employing micro-
mirrors [86]. In another approach, part of the cladding of a fiber is removed and
substituted by a hydrogen-sensitive film (e.g., Pd or Pd-WO3). Changes in the
refractive index of this cladding caused by hydrogen affect the evanescent field
and this translates in changes in the transmittance that can be measured [95, 102]. In
[103], one to five stacked nanometric bilayers of Pd and Au are used and the
attenuation of the optical evanescent wave caused by the presence of hydrogen is
measured. This approach enables measuring hydrogen (at concentrations higher than
8000 ppm) with few second response and recovery times. Gratings can be etched to
the core of the fiber and then coated with Pd so they can be sensitive to hydrogen.
Upon adsorption of hydrogen, the expansion of palladium shifts the wavelength of
the signal reflected by the gratings [104]. A recent review on the use of optical fiber
gratings for hydrogen sensors can be found in [105]. Finally, in optical time domain
reflectometry, the fiber is coated with a hydrogen sensitive film (e.g., Pt-WO3) along
the fiber rather that at a single point [106]. The signal can be spatially resolved,
which allows for implementing distributed hydrogen sensing. In [107], the reader
can find a recent review on fiber optic hydrogen sensors.
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The last few years have seen the development of nanoplasmonic hydrogen
sensors. These employ localized SPR (LSPR) occurring in nanostructures such as
nanoparticles, nanodiscs, or nanowires. A good review on this approach can be
found in [108]. Both direct and indirect nanoplasmonic detection schemes have been
developed. In a direct LPSR hydrogen sensor, the plasmonic entity (generally a Pd
nanoparticle) is an active material that interacts with hydrogen forming a hydride and
also acts as plasmonic transducer. In an indirect LPSR hydrogen sensor, the
plasmonic entity (generally an Au nanoparticle) is used as a plasmonic antenna to
probe the interaction taking place between hydrogen and an active nanomaterial that
is in close vicinity. Figure 6 illustrates this approach and shows the differences in the
working principles for direct and indirect LPSR sensing.
The problems associated to optical hydrogen sensors are related to mechanical
stability issues caused by the transformation from palladium to palladium hydride
and back during cycles of exposure to hydrogen. In addition, sulfur-containing
species can easily poison palladium. Finally, sensor response to hydrogen is also
affected by changes in ambient temperature, light, and humidity. Despite all these
drawbacks, serious research efforts are directed to overcome them, since optical
hydrogen sensing is an intrinsically safe detection technology. For example,
Fig. 6 Scheme describing the working principles of direct and indirect LPRS hydrogen
sensors. (a) In direct sensing, nanoparticles act both as active material reacting with hydrogen
(i.e., transform into a hydride) and as plasmonic signal transducer. In indirect sensing, an inert
plasmonic particle (e.g., Au) is used to probe the interaction of hydrogen with the adjacent
active material (generally a metal oxide or a palladium alloy). (b) LSPR of the sensor is excited
by light in the visible range, and scattering or extinction spectra are recorded. (c) Tracking
characteristic shifts in the spectral position, intensity, or line width of the LSPR peak in the
recorded spectra, allows detecting and quantifying hydrogen (Adapted from [108], with per-
mission #ACS, American Chemical Society 2014)
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electronics can be kept far away from the area monitored in which hydrogen
concentration in air may reach the explosive range and measurement signals consist
of photons and not electrons. Another important aspect is that optical sensing can be
used for multipoint hydrogen detection by deploying a single optical fiber and
adopting spatially resolved spectrometry. Finally, optical signals are less affected
than electrical signals by electromagnetic noise.
Nanoplasmonic sensors are emerging as a technology not only for merely
detecting hydrogen but also for gaining deeper insight in the mechanism of the
reversible formation of hydrides. Long-term stability of the nanomaterials, the
development of simple readout strategies, and effective packaging are issues that
need to be addressed in the immediate future.
Conclusions and Outlook
The safe production, transport, storage, and use of hydrogen require the deployment
of reliable, sensitive, selective, and durable sensors. The scenarios related to a
hydrogen economy are very diverse and widely different are the requirements and
specifications of hydrogen sensors. Currently, there is not a single detection tech-
nology that meets all these requirements and, therefore, sensor selection should be
carefully performed according to the needs of the application considered. The most
commercially successful and mature technologies in hydrogen sensing are electro-
chemical and resistive metal oxide sensors. Electrochemical sensors can still be
improved by working toward their miniaturization and reducing their cost. However,
the operating and readout electronics will always remain more complex and expen-
sive than those needed for resistive gas sensors. Resistive metal oxide gas sensors
show excellent sensitivity to hydrogen. Efforts are needed in the improvement of
nanomaterials (stability and robustness), to sustain their promise of ultrasensitivity at
moderate operating temperatures. Some advances in the improvement of selectivity
towards hydrogen have been achieved, but these need to be enhanced further. Some
of the methods that have been reported to grow nanomaterials could be easily scaled
up for mass production. In the years to come, we may see the adoption of nano-
materials in commercial metal oxide gas sensors with superior performance. Carbon
nanomaterials are still in a too incipient technology readiness level for considering
that these could be commercially adopted in the next few years. Lower sensitivity,
stability, and repeatability in the reported fabrication processes than standard metal
oxide materials are important issues that require further research.
Few commercially available examples of hydrogen-sensitive MOSFET devices
exist. With good sensitivity and low detection limits, these devices would benefit
from further research devoted to ameliorate their response and recovery dynamics
and to reduce ambient temperature and moisture cross-sensitivity. This is one of the
best suited approaches for detecting hydrogen in harsh environments, especially at
high ambient temperatures.
The development and commercial exploitation of optical hydrogen sensors
employing modified optical fibers or plasmonic structures shows great potential.
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Suitable for the intrinsically safe detection of hydrogen in potentially flammable
atmospheres and capable of implementing distributed sensing, this approach seems a
good choice for high-end hydrogen detection applications. Phenomena like SPR,
LSPR, and lossy-mode resonance (LMR) [109, 110] in nanostructured films or in
nano-objects are leading to extreme hydrogen sensitivities. This may extend the
application range of such sensors toward bioanalysis for medical applications.
However, more efforts are needed in the long-term stabilization of the active
materials employed, in fighting cross-sensitivity to other gaseous species including
ambient moisture and poisoning. This is true both for palladium (thin films and
nanomaterials) and gasochromic materials. The use of coatings acting as selective
filtering membranes may be an approach worth studying.
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Regarding to their sensing properties, semiconductor metal oxides have been 
broadly studied, as chemo-resistive sensors, in order to fully understand the 
mechanism or mechanisms behind gas sensing. In the first place, SMOx are 
classified under two main categories: n-type and p-type semiconductors 
depending on the main charge carriers involved. These are electrons in n-type 
materials and holes in p-type materials. When such materials interact with gases 
n-type semiconductors such as SnO2, WO3, ZnO suffer a lowering in their 
resistance when interacting with reducing gases (i.e. ethanol, hydrogen, 
hydrogen sulfide), meanwhile when interacting with oxidizing gases such as 
nitrogen dioxide or ozone, their resistance is increased. In contrast, p-type 
semiconductors such as nickel oxide (NiO) and Cobalt Oxides (CoxOy) display 
the opposite behavior. In order to explain the gas sensing mechanism in bulk 
semiconductor metal oxides, the energy-band bending theory was postulated. 
Prior to discussing the energy-band bending theory, in the first place it is 
important to discuss the chemical species present. When gas sensing is 
underway, the materials are usually heated at temperatures in the range of 
hundreds of Celsius degrees and, therefore, the molecular water layer typically 
adsorbed onto the surface of a nanomaterial at low temperatures (i.e. tenth of 
Celsius degrees) is almost non-existent due to the high adsorption-desorption 
rate. In contrast oxygen species present in the atmosphere are adsorbed onto the 
material. 
When describing the sensing mechanism is important to note the crucial role of 
oxygen species adsorbed onto the nanomaterial surface. Such oxygen species act 
as traps for the electrons from the conduction band of an n-type material. Oxygen 
gets adsorbed at the surface as ions, thus creating through the immobilization of 
electron charges a depletion zone which leads to an energy-band bending. The 
whole system then consists of two main parts: the depletion zone (outer zone) 
and the conduction zone (inner zone). SMOx films generally consist of packed 
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grains. When two grains are in contact the depletion zones interact, and a 
potential barrier is created for the electrons travelling from one grain to another, 
this barrier is the so-called Schottky barrier. The height of the Schottky barrier 
that develops at grain boundaries determines the conductivity of the gas 
sensitive film. The key part of the sensing mechanism is the reaction of adsorbed 
oxygen species with foreign gas molecules releasing charges that modify the 
height of the Schottky barrier, thus having an impact on the overall film 
conductivity. Furthermore, as more charges are released, higher is the impact on 
the Schottky barrier potential and the material suffers a higher change in 
conductivity. For this reason, SMOx are used as chemoresistive sensors, their 
resistance is monitored as a baseline and when under an interaction with a gas, 
such resistance suffers a modification (due to the previously described 
interactions) and is then compared to the baseline. The change in resistance 
experienced is correlated to gas concentration.   
In addition, charge transfer is heavily influenced by the grain size (D) to the 
width of the space-charge layer (L) ratio. Three possible scenarios have been 
postulated depending on the ratio between them (Figure 3), for instance if grains 
are large enough (D>>2L) the conductivity of the material depends mainly on the 
mobility of the carriers inside the grains. In this case surface reactions occurring, 
have a small impact to the barrier potential and thus the overall conductivity is 
not heavily affected. Under these conditions, the sensitivity displayed is low. In 
the second scenario, the grain size and the depletion layer width are similar (D 
>= L). For this particular scenario, the variations on the material conductivity are 
more affected by the surface reactions taking place. The third scenario is by far 
the most interesting, when the size of the grain is significantly lower than the 
width of the depletion layer, the surface reactions and the charges released by 
them have a strong impact on the barrier potential thus having a huge impact on 
the overall material conductivity. This happens because grains may become fully 
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depleted of charges upon the adsorption of oxygen species. All this has strong 
effects on the resistance of the gas sensitive film, which enables getting 
dramatically enhanced responses upon the detection of gases.  
 
Figure 3. Schematic representation of the three different conductivity scenarios present 
depending on the depletion zone layer width to particle size ratio. 
Once the simplified gas sensing mechanism behind n-type SMOx gas sensors has 
been reviewed, there are other aspects to be considered. In general, such 
materials may react with a wide spectrum of gas species with higher or lower 
affinity and, therefore, their selectivity is poor. Furthermore, their operating 
temperature is a key parameter for gas sensing, since each gas may have an 
optimal temperature in which the response of the material is maximized. Of 
course, such maximization strongly depends on the type of semiconductor as 
well as the nanostructure morphology [29] [30]. Indeed, the amount and the 
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nature of the adsorbed oxygen species in the form of ions such as O2-, O- and O2- 
depends not only on the operating temperature, but also on the nanostructure 
morphology. In the paper “Gas Sensing Mechanisms Study for 1-D WO3 Nanowires 
and 2-D Lamellar WO3 Nanoparticles” the difference in the oxygen species present 
at the surface of a sensing layer when operating at the same temperature two 
different morphologies of tungsten oxide, sensors is studied. 
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Abstract 
Gas sensors were fabricated employing tungsten trioxide (WO3) nanowires grown via 
AACVD and lamellar WO3 nanoparticles were grown via wet acidification methodology. 
The morphology of both samples was studied and their sensing properties towards 
hydrogen and ethanol were tested. Furthermore, a partial oxygen dependence study was 
carried out to determine the possible difference between the oxygen species responsible for 
the gas sensing mechanism.   
 
1. Introduction 
During the last few decades, with the increase in the emission of air pollutants 
from anthropogenic sources, air quality control and monitoring has become a 
global concern. There are several reasons for controlling the levels of pollutants 
in the air. On the one hand outdoor emissions from automobile exhausts and 
factories such as NOx, O3, SO2, VOCs or particulate matter, only to cite a few, 
undeniably are a threat to human health. These are responsible for some 4.2 
million premature deaths annually worldwide, mainly from heart disease, 
stroke, chronic obstructive pulmonary disease, lung cancer, and acute respiratory 
infections in children [1][2]. On the other hand, indoor emissions of carbon 
monoxide (CO) resulting from the inefficient combustion of fuels in cooking 
stoves or heaters often causes asphyxia accidents at home [3]. The exposure to 
high indoor concentrations of VOCs such as acetaldehyde released from 
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furniture and paints at home or the occupational exposure to benzene and 
mercaptans in closed areas in factories could lead to serious illnesses or death [4]. 
Besides air quality control and occupational health, other applications require the 
detection of gases or vapors. For example, with the development of a greener 
economy, the use of hydrogen (from efficient reforming or water splitting) in fuel 
cells may boost the need of hydrogen sensor systems to detect hydrogen leaks, 
given its flammability [5]. Also, ethanol vapor detectors are necessary in many 
applications such as in ethanol production plants, in the monitoring of alcoholic 
fermentation processes or in breath analysis (in medical applications or for 
preventing drunk driving) [6].  
Among the different materials and transducing schemes that are currently 
commercially available for detecting gases and vapors, metal oxide 
semiconductors (MOXs) employed as chemoresistors represent a significant part 
of the market share. MOXs possess outstanding sensitivity for detecting traces of 
toxic, pollutant and flammable gases in the ambient and their use as 
chemoresistors enables the development of simple and affordable detectors. The 
MOX family is quite extensive and comprises materials such as SnO2, ZnO, In2O3, 
TiO2, Co3O4, Fe2O3, NiO, CuO or WO3, only to cite a few [7]. These materials can 
be synthetized in a wide variety of morphology, micro and/or nano structures, 
crystalline phase and stoichiometry through different methodologies, both 
physical and chemical, in order to achieve the specifications of a given gas/vapor 
detection application [8]. The most studied material by far is SnO2, which has 
been studied for more than 50 years now. It remains the most employed material 
in commercial MOX sensors. However, in the last few decades tungsten oxide 
(WO3) has been extensively studied for its outstanding gas sensing properties 
and has also gained presence in the market of chemoresistive sensors. Tungsten 
oxide has been found suitable for the detection of oxidizing gases such as NO2 or 
O3 [9] [10] [11] and it has also been reported as a good gas-sensitive material for 
reducing species such as H2, ethanol or H2S [12][13]. Despite its commercial 
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success, the gas sensing mechanisms of tungsten oxide are still far from being 
completely understood. It has been stated that not only the oxygen species 
adsorbed on the material surface  ( O2-, O- and O2-) are involved in the sensing 
mechanism, but also the lattice oxygen Olat2- can play a role, especially in the 
presence of surface catalysts such as Pt [14]. Furthermore, it has been reported as 
well that the material synthesis routes have an impact on the material 
morphology, microstructure, crystalline phase and stoichiometry, which 
eventually translate into remarkable differences gas sensor response and 
performance [15]. In the literature, a wide range of synthesis methods have been 
reported to obtain a large variety of tungsten oxide materials for gas sensing. RF 
sputtering was used to obtain thin WO3 films for the detection of O3 [11], WO3 
nanowires and WO3 nanoflowers were grown through thermal evaporation and  
hydrothermal process in order to detect H2 and ethanol respectively [16] [17]. 
Tungsten oxide nanorods were prepared through thermal CVD at different 
substrate temperatures and flow rates to understand the material growth [18]. In 
addition, tungsten oxide nanoigloos decorated with Pd, Au and Ag were 
obtained through soft-template method and the film sensing properties towards 
H2 and NO2 were studied [19]. 
 In this paper, we use two different chemical synthesis approaches to obtain WO3 
nanomaterials with different morphologies. Tungsten trioxide nanowires were 
synthesized employing the aerosol assisted chemical vapor deposition (AACVD) 
[20] and lamellar WO3 nanoparticles were obtained through wet acidification of 
Na2WO4 [12]. The gas sensing properties of these materials to hydrogen and 
ethanol diluted in air are reported and a study showing the dependence of the 
sensor resistance on the partial pressure of oxygen is conducted, which enables 
the identification of the oxygen surface species involved in the detection 
mechanisms for the two morphologies considered. The hydrogen and ethanol 
sensing mechanisms for lamellar and nanowire tungsten oxides are discussed. 
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2. Material & methods 
2.1. Alumina substrate preparation 
In this paper, screen printed interdigitated gold electrodes on top of alumina 
substrates (13 x 9 mm) were prepared [10]. The alumina substrates were placed 
in a screen-printing machine to imprint gold electrodes using a gold 
commercially available paste. Once the electrode pattern had been screen-printed 
on top of the alumina substrate, a calcination was performed at 850 ºC for 8 hours. 
The electrode gap was 90 µm, a line with of 180 µm and a total sensing area of 
64 mm2. Substrates with printed electrodes underwent a cleaning step prior the 
deposition of the sensing layer was performed. The cleaning step consisted of 
preparing a solution of 100 mL deionized water and 10 mL H2O2 heated at 80 ºC, 
to which 2 mL of NH3 were added. Once the cleaning solution was ready, the 
alumina substrates were dropped inside, and bubbling occurred until all the 
organic impurities had been removed. Finally, the substrates were dried at 100 
ºC for 1 hour. 
 
2.2. Tungsten trioxide nanowires  
Tungsten oxide nanowires (WO3 NWs) were synthetized through aerosol 
assisted chemical vapor deposition employing tungsten hexacarbonyl, W(CO)6, 
as organic precursor. 50 mg of W(CO)6 were weighted and dissolved under 
stirring into a solution consisting on 15 ml of acetone and 5 ml methanol until 
fully solubilized. Then the solution was brought into a spray employing high 
frequency waves and carried within a N2 flow set at 0.5 L/min into a 400 ºC 
preheated, hot-wall, CVD reactor inside which an alumina substrate with 
interdigitated screen-printed gold electrodes on top was placed. The total 
synthesis time was 30 minutes. After finishing the synthesis, the reactor was 
naturally cooled down to room temperature. The as-grown nanowire film 
presented a deep blue color due to two main factors; the non-stoichiometry of the 
tungsten oxide, i.e., WO3-x and the presence of amorphous carbon originated 
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during the combustion of organic solvents. Therefore, to further increase the 
oxidation of tungsten oxide and remove the remnant amorphous carbon, an 
annealing step was carried out. The annealing was performed inside a muffle at 
500 ºC during 2 hours with a temperature increase rate of 5 ºC/min and letting 
the system to cool down naturally to room temperature. After the annealing, the 
nanowire layers presented a pale-yellow color, indicative of the presence of a 
clean, quasi-stoichiometric WO3.  
2.3. Lamellar tungsten oxide nanoparticles 
Lamellar tungsten oxide nanoparticles were obtained via a wet-synthesis 
route that involved the acidification of sodium tungstate, Na2WO4. 1 L of 
deionized water was heated at 50 ºC in a beaker under soft stirring and the pH 
adjusted to -0.8 with sulfuric acid (analytic gradient, purity 99%). Then, 2.61 g of 
Na2WO4 were added slowly and, immediately, a yellow precipitated was formed. 
The solution then was stored and aged for 24 hours. After the aging, the 
precipitated was filtered, collected and dried at 50 ºC. The precipitated was 
milled manually inside an agate mortar until fine powders were obtained. These 
powders were then mixed with α-Terpinol until a paste was formed, which was 
then screen printed on top of the alumina substrates comprising gold 
interdigitated electrodes. The sensors were then dried and annealed at 350 ºC 
during 4 hours in a tubular furnace under a flow of dry air. 
 
2.4. Material characterization 
The nanomaterials had their crystalline phase characterized through X-ray 
diffraction (XRD) and their structural morphology was studied employing 
scanning electron microscopy (SEM). XRD was performed employing a Bruker-
AXS D8-Discover diffractometer with a parallel incident beam. SEM images were 
acquired using a JEOL 7600F field emission SEM. 
 
2.5. Gas sensing characterization procedure 
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The sensors were tested to two different species, hydrogen and ethanol at five 
different concentration levels (dry air was used as carrier and balance gas) and 
using 4 different operating temperatures (i.e. 150, 200, 250 and 300 ºC). The 
concentrations tested were 50, 100, 200, 300 and 500 ppm for hydrogen and 20, 
40, 60, 80 and 95 ppm for ethanol. The sensors were placed inside a controlled-
temperature oven, which was connected to a mass-flow system (MF) able to 
deliver repeatable and precise gas concentrations. To analyze sensor 
reproducibility, two sensors of each type (i.e. nanowire or lamellar tungsten 
oxide) were employed. The gas flow inside the oven where the sensors under test 
were placed was kept constant at 100 mL/min. Sensors were characterized at 4 
operating temperatures (from the highest to the lowest). Every time a new 
operating temperature was set, sensors were kept overnight under dry air to 
stabilize to their baseline resistance.  In a typical measurement process conducted 
at any given operating temperature, sensors were exposed to 90-minute step-like 
increasing gas/vapor concentrations and, 90 minutes after the highest 
concentration had been reached, the gas/vapor concentration was step-like 
decreased down to pure dry air. Finally, to check the repeatability of 
measurements, this measurement cycle was repeated after allowing the full 
recovery of sensor baseline resistance under dry air for 4 to 5 hours.  
In addition, the dependence of the baseline resistance for lamellar and pure 
WO3 nanowire sensors on the partial pressure of oxygen was studied as well. The 
partial pressure of oxygen was set at 1, 2.5, 5.25, 10, 20, 50 and 100 % O2 and the 
DC voltage at the load resistances (R0) of the sensors was recorded using a 
Keithley multimeter, as it is shown in Figure X, and converted to the DC 





− 1)     (eq. 1) 
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Figure 1. Schematic representation of the experimental set up. Mass-flow systems are 
connected to a Pt/Al2O3 catalyst to burn all possible organic traces. The absorber removes all 
traces of water present in the commercial synthetic air. 
 
3. Results and discussion 
3.1.  Material characterization 
Tungsten oxide nanowires and lamellar WO3 nanoparticles were 
characterized by XRD to understand the crystallinity and analyzed by means of 
SEM to investigate their morphology. Figure 2 shows the spectra recorded for 
lamellar WO3 and pure WO3 nanowires. The peaks in both spectra are in 
agreement with those reported in the ICDD card nº 43-1035 corresponding to 
monoclinic WO3. The lamellar WO3 and WO3 nanowire spectra display also 
peaks for alumina, which correspond to the substrate and in the case of lamellar 
tungsten oxide, gold peaks are also present in the spectra due to the electrodes.  
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Figure 2. (a) WO3 Nanowires XRD spectrum; (b) Lamellar WO3 nanoparticles XRD spectrum. 
 
Figure 3 shows typical SEM images obtained from the surface of the two types of 
sensors used. Typically, nanowires synthetized through AACVD have a 
diameter ranging from 50 to 100 nm and a length between 10 to 20 µm with an 
average of 14 µm layer thickness [13]. Lamellar WO3 nanoparticles, present a size 
comprised between 100 to 350 nm in diameter, 25 nm as average thickness and a 
film thickness estimated to be between 15 to 25 µm.  
 
 
Figure 3. Left panel SEM surface image for a pure WO3 nanowire film. Right panel 
shows a SEM image of the lamellar WO3 nanoparticles with a close zoom inset. 
 
3.2. Gas sensing results 
 
The gas sensors responses towards hydrogen and ethanol were studied under 
dry air conditions.  
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3.2.1. Hydrogen  
 
All tungsten oxide based-sensors were exposed to hydrogen at 50, 100, 
200, 300 and 500 ppm under dry air conditions. Figure 4a shows that increasing 
the operating temperature for pure WO3 nanowire sensors enhances their 
response towards hydrogen for all the concentrations tested. Tungsten oxide 
nanowire sensors show almost no response towards hydrogen when operated at 
150 ºC. The optimal sensing temperature (among the temperatures tested) for 
nanowire tungsten oxide sensors was found to be 300 ºC, in which the response 
for all concentrations of hydrogen is maximized. Figure 4b shows the results 
obtained for lamellar WO3 nanoparticle sensors. Lamellar-based sensors 
exhibited a strikingly different behavior compared to nanowire-based sensors 
when operated at 300 ºC. Lamellar tungsten oxide sensors showed the lowest 
response to hydrogen at 300ºC and the highest response at 250 ºC, with little 




Figure 4. (a) Pure WO3 nanowires response towards H2 concentrations; (b) Lamellar WO3 





The sensors were exposed to different concentrations of ethanol at concentrations 
of 20, 40, 60, 80 and 95 ppm balanced in dry air. Figure 5a reports these results 
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for tungsten oxide nanowire sensors operating at the different temperatures 
tested. When the operating temperature was increased from 150 ºC to 300 ºC 
nanowire-based sensors increased their response towards ethanol. At 150 ºC the 
sensor showed little responsiveness towards ethanol vapors and the sensor was 
rapidly saturated. Figure 5b shows the response to ethanol for lamellar WO3 
sensors. Similarly, to nanowire-based sensors, when lamellar WO3 sensors were 
operated at 150 ºC, they showed the lower response towards ethanol. In contrast 
to nanowire based sensors, no response saturation was observed. In lamellar 
WO3 sensors, the optimal operating temperature for detecting ethanol was 250ºC 




Figure 5. (a) Pure WO3 response towards ethanol concentrations at different operating 
temperatures. (b) Lamellar WO3 nanoparticles response towards increasing concentrations of 
ethanol at the different temperatures tested. 
 
The intensity of the response towards hydrogen and ethanol is significantly 
higher for lamellar tungsten oxide sensors than for nanowire based sensors. 
Given the two different synthesis routes implemented, lamellar sensors 
comprised far more tungsten oxide material than nanowire sensors. Using more 
material implies increasing the surface area, which eventually results in higher 
responsiveness. To verify that the differences in response intensity are due to the 
reason discussed above, further nanowire sensors were fabricated increasing the 
amount of precursor. This resulted in nanowire sensors with an increased 
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amount of tungsten oxide in their sensitive coatings. As a result, response 
intensity towards hydrogen and ethanol was clearly increased, which confirms 
our assumption. These results can be found in the Supporting Information. 
 
4. Oxygen partial pressure dependence  
 
In view of better understanding the sensing mechanisms of lamellar and 
nanowire tungsten oxide sensors, a study was conducted on the evolution of the 
baseline resistance of the sensors at different oxygen partial pressures. Such a 
study enables identifying the type of oxygen surface species and understanding 
the nature of oxygen species involved in the chemical reactions, which play a 
critical role in the identification of the sensing mechanisms towards reducing 
species such as hydrogen or ethanol in nanowire and lamellar tungsten oxide. It 
could be assumed that differences in surface oxygen species can explain the 
different behavior observed experimentally in this preliminary work. This study 
was conducted at an operating temperature of 300ºC. This temperature was 
chosen because it maximizes the response of nanowire based sensors and also 
results in clear behavioral differences between nanowire and lamellar tungsten 
oxide sensors (see Figures 4 and 5). In previous works, it has been reported that 
for tungsten oxide operated at 300 ºC, the oxygen surface species playing a role 
in the chemical reactions are O- and O2-, which depend directly at the temperature 
in which the material is operating. The equilibrium equations for the formation 
of these oxygen surface species can be expressed as follows: 
𝑂2 + 2𝑒
− ⇌ 2𝑂−      eq. 2 
(𝐾1𝑃𝑂2)
1/2[𝑒]𝑠 = [𝑂
−]     eq. 3 
𝑂2 + 4𝑒
− ⇌ 2𝑂2−      eq. 4 
(𝐾2𝑃𝑂2)
1/2[𝑒]𝑠 = [𝑂
2−]     eq. 5 
Furthermore, a quantitative relationship between the electrical resistance of a 
tungsten oxide sensor and the oxygen partial pressure (PO2) has been established. 
[15] [21] [22] Such a relationship is expressed by equation 6. 
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In equation 6, R/R0 is the ratio between the sensor baseline resistance (R) at a 
given oxygen partial pressure PO2 and the baseline resistance in the absence of 
oxygen (R0), i.e., achieved under a N2 atmosphere. ND is the donor density or 
carrier density for the material, a is the crystalline radius, and c is a constant. The 
values for these parameters, which are specific of the gas sensitive material, its 
crystallinity and morphology, are reported in Table 1 [18]. K1 and K2 are the 
equilibrium constants for O- and O2-, respectively. Therefore, by fitting the 
experimental data to the model described by eq. 6, the values of these two 
constants can be estimated for the two different morphologies studied. Then, the 
ratio between the concentration of O2- and O- species can be obtained. All These 
values are summarized in Table 2. 
Table 1 Values for some of the parameters in eq. 6 for the two different WO3 morphologies 
considered. 
 WO3 Nanowires Lamellar WO3 
c -9 1 
a (nm) 25 50 
ND (e/cc) 3.1x10-18 3.1x10-18 
R0 (k) 2.3 38.9 
 
Table 2. Experimental values calculated for the different WO3 morphologies when sensors were 
operated at 300 ºC. 
 WO3 Nanowires Lamellar WO3 
K1 (nm2 · atm-1) 5.8 x 102 1.4 x 108 
K2 (nm8 · atm-1) 3.7 x 1012 3.8 x 1010 
[O2-]/[O-]  22.17 0.0007 
 
Figure 6 shows the experimental results about the dependence of R/R0 on the 
oxygen partial pressure for nanowire and lamellar tungsten oxide sensors. This 
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dependence is clearly nonlinear, as the model expressed by eq. 6.  Figure 7 further 
elaborates the experimental results presented in Figure 6 by representing R/R0 as 
a function of (PO2)0.5 and (PO2)0.25.  Figure 7 reveals that is R/R0 evolves linearly 
with the squared root of the oxygen partial pressure for lamellar tungsten oxide 
sensors only (see the left, lower panel in Fig. 7). This, together with the results 
shown in Table 2, is indicative that (at 300ºC) for lamellar tungsten oxide there is 
a clearly dominant oxygen surface species, namely O-. In fact, the concentration 
of O2- species is quasi negligible, since it is estimated to be about three orders of 
magnitude lower than the concentration of O- species. In contrast, the upper 
panels in Figure 7 show that for nanowire tungsten oxide, R/R0 does not show a 
linear behavior with the squared root, nor with the ¼ power of the oxygen partial 
pressure. This is indicative that at 300ºC, in nanowire tungsten oxide the two 
types of oxygen species co-exist. The results of the fitting reported in Table 2 
show that the concentration of O2- species is about twenty times higher than that 
of O- species in nanowire tungsten oxide. The strikingly higher value of the 
equilibrium constant for O- (K1) for lamellar tungsten oxide, which is nearly six 
orders of magnitude higher than that of nanowire tungsten oxide implies that the 
presence of O- species is clearly dominant in lamellar tungsten oxide.  
The differences in the type of oxygen species could explain the slightly 
differences observed in gas response between nanowire and lamellar tungsten 
oxide sensors. It can be assumed that the differences in the nature of oxygen 
adsorbates arise from the differences in the morphology and defects. Tungsten 
oxide nanowires are highly crystalline with low number of defects. In nanowires, 
defects appear mainly at their tips and at nanowire-nanowire junctions [20] 
Lamellar tungsten oxide consists of rather flat lamellae with uneven shapes and 
edges where a high number of defects is very likely. Furthermore, the gas 
diffusion trough the nanowires forest could be occurring at lower pace than the 
diffusion of the gas on the lamellar surface, reducing the sensor signal measured 
for a given time. In particular, the decrease in response observed (for hydrogen 
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and ethanol) when the operating temperature is raised from 250ºC to 300ºC in 





Figure 6. Normalized resistance of nanowire (upper panel) and lamellar (lower 
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Figure 7. Normalized resistance of nanowire (upper panels) and lamellar (lower 
panels) WO3 sensors as a function of two fractional powers of the oxygen partial 




4.1. Suggested mechanism 
 
Due to the study of oxygen partial pressure study performed at 300 ºC, the 
preliminary results suggest a difference in oxygen species participating in the 
chemical reactions taking place at the surface of both materials. Figure 8 
represents the oxygen species ready to react on the surface, such species keep 
charges locked on the surface of the material thus narrowing the conductive 
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channel. When the target gas reacts with those oxygen species electrons are 
released widening the conduction channel which is translated into an improve of 
the material conductivity and an overall decrease of the resistance. When we 
compare at 300 ºC the oxygen species of both materials we could stablish a 
difference between the WO3 nanowires which present a mixture of O- and O2-, as 
the preliminary results obtained experimentally suggest, having several times 
more O2- species rather than lamellar WO3 in which O- are the main species found 
to be involved in the reactions occurring at their surface. Taking into 
consideration both morphologies and the oxygen species, when the target gas 
reacts with the O- species in the case of lamellar WO3, the electron charge that was 
locked is released to the conduction channel as well as the electrons freed from 
the chemical reaction occurring, thus widening the conduction channel and 
decreasing the overall resistance. Meanwhile, nanowires present O2- species, such 
species lock 2 electron charges thus freeing a higher amount of electrons towards 
the conduction channel when the reaction with the target gas occurs. Despite the 
fact of freeing more charges, as the surface area ratio between nanowires and 
lamellar is higher and also the diffusion of the gas through the nanowires mesh 
is considerably slower than the surface reaction of lamellar the effect of the 
oxygen difference is masked.  
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Figure 8. Artistic representation for oxygen species ready to react on both, 




Tungsten trioxide nanowires and lamellar nanoparticles have been successfully 
synthetized through two different chemical approaches. Both materials have 
exhibited responsiveness towards hydrogen and ethanol. Furthermore, due to 
the differences found in the optimal sensing temperatures, a preliminary oxygen 
partial pressure dependence study was carried out, revealing a potential 
difference in the oxygen surface species participating in the sensing mechanism 
at 300 ºC for the two different materials. From the calculations of both the 
absorption-desorption constants K1 and K2 and the curve fittings of the 
resistance materials dependence towards the different oxygen partial pressures, 
the preliminary results suggested that the oxygen species present in the material 
at 300 ºC are different depending on the morphology and the synthesis route. 
Tungsten trioxide nanowires exhibit a mixture of O2- and O- oxygen types playing 
both a key role reacting with the target gas with an equilibrium ruled mainly by 
K2, meanwhile lamellar WO3 nanoparticles have mainly O- oxygen species 
present in the surface with an equilibrium ruled by K1. Nevertheless, the 
differences found in this preliminary work should be assessed with further 
experimentation with a wider range of samples as well as a wider range of partial 
oxygen pressure measurements in order to improve the experimental fittings for 
the constants K1 and K2, which are directly linked towards the different oxygen 
species taking part in the chemical reactions occurring.   
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Another important aspect to be considered for gas sensing are the dynamics of 
sensor response. Response and recovery times are usually important parameters 
to assess the performance of a given material towards gas sensing. In addition, 
baseline stability is also an important feature for SMOxs. It is widely known that 
all metal oxide gas sensors suffer from long term baseline drift when operating. 
The drift in the baseline can be attributed to different factors but the main factor 
responsible for the drift experienced is the modification of the material surface. 
The surface is constantly exposed to external chemicals that react with the oxygen 
adsorbed and then the resulting by-products could get irreversibly attached 
(chemisorbed) onto the surface contributing to irreversible changes of sensor 
resistance. For example, when NO2 reacts at the surface of In2O3 octahedra, the 
by-products of the reaction are found to remain at the surface in the form of 
nitrites [31]. In addition, also the modification of the material morphology is 
responsible for such a drift. Such modifications usually occur when sensing 
aggressive gases such as H2S, which may heavily alter the material surface on the 
long term or, for instance, the use of high operation temperatures that leads to 
induced annealing and ion migrations.  
SMOxs are typically operated at a given temperature as said before and the 
kinetics of the chemical reactions occurring when gases interact with the material 
surface are responsible for the variations on sensor resistance as well as the 
response time. Such response time usually could be slow due to the chemical 
reaction dynamics free-will, so it is mandatory to find a solution to cope with 
both a baseline stabilization as well as improving the material response time. The 
solution reported in this thesis is the introduction of the Constant Surface 
Potential Control. When operating the sensors under boundary conditions 
constraining the surface potential to a constant value through temperature 
modulations, the overall number of free variables in the system is decreased and 
a better control is obtained. Under this new approach, what can be correlated 
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with gas concentration are no longer the changes in the surface potential due to 
the chemical interactions, but the temperature modulation average applied to the 
sensing layer to maintain its surface potential constant. Working under a Second 
Order Sigma-Delta Control drastically improves the response time. Additionally, 
via applying such control, there is the possibility of stabilizing the baseline to 
minimize sensor drift, as the heating and cooling loops during the sensor 
measurement processes confine the electrical resistance at a given value. This was 
a collaborative research between URV and UPC groups. While URV provided 
the gas sensitive materials and devices, the UPC group performed the closed loop 
operation. 
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Abstract: Controls of surface potential have been proposed to accelerate the time response of MOX
gas sensors. These controls use temperature modulations and a feedback loop based on first-order
sigma-delta modulators to keep constant the surface potential. Changes in the surrounding gases,
therefore, must be compensated by average temperature produced by the control loop, which is the
new output signal. The purpose of this paper is to present a second order sigma-delta control of
the surface potential for gas sensors. With this new control strategy, it is possible to obtain a second
order zero of the quantization noise in the output signal. This provides a less noisy control of the
surface potential, while at the same time some undesired effects of first order modulators, such as
the presence of plateaus, are avoided. Experiments proving these performance improvements are
presented using a gas sensor made of tungsten oxide nanowires. Plateau avoidance and second order
noise shaping is shown with ethanol measurements.
Keywords: sigma-delta modulation; metal-oxide sensors; gas sensors; electrochemical impedance
1. Introduction
Interest in metal-oxide (MOX) gas sensors has grown significantly during the recent years.
Different materials, such as SnO2, WO3, or ZnO, and specific fabrication techniques have been
developed to form the sensing layers of such sensors, often structured as nanoneedles, nanotubes,
nanorods, etc. The high surface-to-volume ratios of these nanostructures allow high levels of interaction
with the environment, thus providing high sensitivities. Good stability, reduced cost, low power
consumption, and compatibility with semiconductor fabrication processes are other advantages of this
type of sensors [1–5]. All this makes them excellent candidates in applications such as detection of
hazardous gases, pollution observation, or detection of gas leaks [6–8].
The mode of operation of the MOX gas sensors usually consists of monitoring the conductivity
of the sensing layer. Since this layer is a semiconductor, its conductance strongly depends not
only on the temperature but also on the chemical reactions involved in the gas adsorption and
ionization processes [9]. Moreover, the conductivity of the sensor layer can be seen as the result of
two simultaneous competing mechanisms that have different time scales. The first mechanism is due
to the temperature applied, which produces redistribution in the energies of the charge carriers and
causes fast changes in the conductivity of the layer; the second mechanism consists in changes in the
chemical reaction rates with the gas species, which generate slow changes in the conductivity of the
sensing layer. MOX sensors are usually operated in open-loop at constant-high temperature, of 100 ◦C
Sensors 2018, 18, 654; doi:10.3390/s18020654 www.mdpi.com/journal/sensors
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and above, depending on the specific materials of the sensing layer. To reach and maintain constant
operating temperature, heaters are usually embedded in the sensors.
However, the performance of MOX-based gas sensors becomes limited by their slow time response
to changes in gas concentration and, in some cases, by unwanted long term drifts. As a first step
towards studying these issues, dynamic models of the sensors have been proposed [10,11], and
it is widely accepted that nonlinear models must be used to describe the evolution with time of
the chemical reactions in the layer. As a consequence, complex digital-processing tools, such as
neural networks [12], probabilistic state estimation [13], reservoir computing [14], and support vector
machines [15] are used to improve sensor performance. Temperature modulations have also been used
in works reported in the literature with MOX gas sensors to reduce measurement uncertainty [13],
to improve feature extraction [16–19], or to reduce power consumption [20,21]. Additionally, single
walled carbon nanotubes have been used in conjunction with MOX modulated in temperature to
reduce power consumption [22].
A new approach for smart operation of MOX gas sensors has been proposed recently by the
authors [23]. There, a closed-loop technique, inspired in first order sigma-delta modulation, is applied
to enforce a sliding mode control on the state variables of the sensor [24]. In particular, the feedback
loop produces the temperature modulations necessary to operate the sensor under constant surface
potential. In this case, the output of the sensor is the average temperature applied to the sensing layer.
This strategy allows the time dynamics of the system to be changed: since the control variable (the
surface potential) is constant, the excursion of one or several state variables is reduced and the time
response of the system no longer depends on its own free (and slow) dynamics, but on the marginal
dynamics obtained within the control surface. This way, fast time responses with a MOX gas sensor
have been demonstrated [23].
However, some known issues of first-order sigma-delta modulators can limit the effectiveness of
the technique proposed in [23]. One is the presence of a Devil’s Staircase fractal, a typical effect when
leaky integrators are used [25]; a fractal plateau is in practice a “dead zone” that cannot be observed or
controlled, thus hindering the possibility of having a good control in certain cases. Another issue is
poor quantization noise shaping, which can pose a problem for retrieving real-time information about
the sensing layer. According to this, this paper introduces a new second-order sigma-delta strategy
to control the chemical resistance of MOX gas sensors. This method improves the one previously
proposed, providing second order quantization noise shaping, smoother sensor responses, and allows
for the avoidance of the plateaus observed in the first-order approach. The feasibility and the features
of the new method are demonstrated experimentally through extensive comparisons of both control
methods in gas sensing applications with tungsten oxide nanowires.
2. Materials and Methods
2.1. First and Second Order Sigma-Delta Loops for Gas Sensing
As it has been mentioned in the Introduction, the typical operation of chemical gas sensors based
in semiconductor metallic oxide (MOX) layers consists in keeping such sensing layers at constant
temperature and monitor changes in its resistivity. Under this approach, the time response of the
sensor is completely determined by the dynamics of the surface adsorption and ionization reactions,
which can be generally very slow.
In order to improve the time response of the sensors, the control proposed in [23] operates the
sensor under a new condition: Constant Surface Potential Operation. This is done by implementing a
sliding mode controller [26] using the scheme of a first order sigma-delta modulator [24]. Sliding mode
controllers confine the dynamics of the dynamical system to a predetermined control surface. By doing
this, the dynamics of the whole system can be completely changed under some conditions. This control
can be performed using the sigma-delta approach, in which the topology of these analog-to-digital
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converters is used to obtain the desired sliding motion on the control surface. In our case, then the
control surface is constant Surface Potential.
Now, the conductivity of the chemical sensing layer follows this general expression [23]:






in which G0(T) is a factor depending on temperature, T, q is the electron-elementary charge, Vs is
the surface potential, and k is the Boltzmann constant. From this expression it is clear that in order
to keep Vs constant, the conductivity of the sensing layer must be kept constant and measured at
constant temperature.
The control proposed in [23] is shown in Figure 1a. It achieved the constant SP operation by
applying an adequate sequence of temperature waveforms to the sensor. These waveforms, called
BIT0 and BIT1, can be seen in Figure 1b. By periodically sampling the conductivity of the sensing layer,
at the end of each sampling period, it is possible to monitor changes in Vs, since both waveforms end
with the same temperature value Thigh. The control is designed to apply, for the following sampling
period [nTs, (n + 1)Ts)], a BIT1 waveform if G[nTs] > Gtarget or a BIT0 if G[nTs] < Gtarget. This way,
it is possible to change the average temperature in the sensor, while making decisions based on the
conductivity of the sensing layer, measured at the same temperature.
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Figure 1. (a) First-order sigma-delta modulator topology to control the chemical resistance of the
metal-oxide sensing layer. At each sampling time TS, depending on whether the chemical resistance
Rchem, measured at the reference temperature Thigh, is below (or above) the desired value Rth, a BIT1 (or
BIT0) temperature waveform is applied to the sensor during the next sampling period; (b) parameters
of the BIT0 and BIT1 waveforms.
This control replicates the usual circuit topology of a 1st order sigma-delta modulator. The sensing
layer can be seen as a reservoir of ionized surface states, which can be negatively or positively charged.
In an oxidizing atmosphere, increasing (decreasing) the average temperature will increase (decrease)
the adsorption of gas molecules that, when ionized, will increase (decrease) the total negative ionized
surface states. In this case, the average temperature generated by the control must be able to keep
constant the interchange of ionized surface states with the surrounding atmosphere by applying a
suitable sequence of temperature waveforms. Changes in the atmosphere are therefore compensated
for by changes in the average temperature generated by the control.
As it has been mentioned before, this paper presents a second order sigma-delta topology for
surface potential control in MOX-based gas sensors. By adding an integrator to the control loop, it is
possible to obtain a second order zero in the quantization noise at zero frequency [27]. This integrator
is implemented numerically, see Figure 2, and good values of the α parameter are empirically found.
Besides the improvement in the quantization noise, second order modulators do not present plateaus in
the case of leaky integrators. On the other hand, they can become unstable under some conditions [27].
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Figure 2. Block diagram (Top) and equivalent sampled circuit (Bottom) of the 2nd order sigma-delta
topology designed to control the chemical resistance of the MOX sensing layer.
Figure 2 presents the qualitative translation of the 2nd order control loop to the standard
sigma-delta idealized representation. Parameter β represents the continuous leak of ionized surface
states, ∆Rn represents the differences at the sampling times nTs between the resistivity of the layer
and the target value set Rchem(nTs)− Rth, and vn are the values of the second numerical integrator.
The functions of the first integrator are performed by the sensing layer itself, seen as a reservoir of
ionized surface states. The purpose of the control circuit is therefore to cancel the value at the output
of this second integrator by applying an adequate sequence of BIT0/BIT1 waveforms to the sensor.
2.2. Description of the Gas Sensors
2.2.1. Sensing Layer Synthesis
The sensing layers consist of pristine tungsten oxide nanowires directly grown on top of the
membranes of a 4-element micro-machined silicon transducer employing an Aerosol Assisted Chemical
Vapor Deposition (AACVD) process. Each membrane within the 4-element chip contains POCl3-doped
polysilicon heaters (16 Ω/sq, 0.47 µm thickness, and TCR = 6.79 × 10−4/◦C) and platinum electrodes
(0.2 µm thickness, electrode gap = 100 µm). To electrically insulate the electrodes on top from the
heater, 800-nm-thick silicon oxide layers were deposited by Low Pressure Chemical Vapor Deposition
(LPCVD). In the AACVD growth of tungsten oxide nanowires, tungsten hexacarbonyl (50 mg,
Sigma-Aldrich, Saint Louis, MO, USA, ≥97%) dissolved in a mixture of acetone and methanol (15 mL
of acetone and 5 mL of methanol, Sigma-Aldrich, ≥99.6%) was used. The solution was kept in a flask
and placed in an ultrasonic humidifier.
The resulting aerosol was transported to the reactor by a 500 mL/min flow of nitrogen.
The substrates were placed inside the reactor and the whole system was heated up to 370 ◦C (see
Figure 3). A mask was placed on top of the substrate to protect the contact pads of the heater and
electrodes, leaving exposed the electrode areas only. The reactor outlet was vented directly into the
extraction system of a fume cupboard. The deposition time ranged between 30 to 40 min, until all
of the precursor had passed through the reactor. At the end of the growth, the flow of nitrogen was
interrupted, and the substrates were kept in the reactor at 370 ◦C for another 60 min. This helps the
removal of the precursor residues and further oxidizes nanowires. Films have a pale-yellow color,
which indicates that a close to stoichiometry tungsten oxide is obtained. Finally, the sensors were
wire-bonded to standard TO-8 packages.
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Figure 3. Artistic view inside of the hot wall reactor during the AACVD process. A nitrogen flow
carries the aerosol droplets of solvent containing the organic precursor.
2.2.2. Material Characterization
The morphology and crystalline phase of the gas sensitive films were analyzed using an
Environmental Scanning Electron Microscope (ESEM) and X-Ray Diffraction (XRD). Figure 4a shows
typical XRD results for the films grown. These results indicate that a slightly oxygen-defective
tungsten oxide is obtained, which corresponds to WO2.72 nanowires that have a P2/m belonging to
the monoclinic system, in accordance to the JPCD card no. 73-2177. Figure 4b shows ESEM results.
The lower magnification micrograph shows one membrane with interdigitated electrodes and, in light
grey, the sensing layer composed of WO3 nanowires. The higher magnification micrograph shows a
closer view of the nanowire film.
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Figure 4. (a) XRD results obtained for typical tungsten oxide nanowire films. Tungsten oxide is
single crystalline and belongs to the monoclinic phase; (b) low magnification micrograph showing the
AACVD grown film on top of the electrode area of a sensor within the 4-element transducer (Left).
Higher magnification micrograph showing the typical microstructure of the AACVD grown tungsten
nanowire films (Right).
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2.3. Experimental Setup
The experiments designed for this work aimed to compare the effectiveness and performance of
the first and second order control methods discussed above; they included measurements with the
tungsten oxide nanowire sensors that are presented, both in controlled atmospheres of synthetic air
and of synthetic air with small concentrations of ethanol.
Accordingly, the measurement setup described in Figure 5 has been used. The sensor was placed
inside a gas chamber. To set different target gas concentrations, a calibrated ethanol cylinder with
air as balance gas was used. This was further diluted by employing a cylinder of dry air and a
computer-controlled mass flow meter system. The total flow into the chamber was kept constant
at 100 mL/min throughout the experiments. The dead volume within the gas chamber was 4 mL.
The periodical measurements of the chemical resistance of the sensing layer and the application of
the BIT0 and BIT1 temperature waveforms are implemented using a standard FPGA-based National
Instruments PXIe-1073 acquisition equipment controlled from the same computer. The experimental
data was post-processed using standard MatLab software.
In each experiment reported in this paper, a previous characterization of the sensor layer with the
temperature was performed to choose the appropriate values of the BIT0 and BIT1 and of the control
parameters: Thigh, Tlow, Rth, etc. Concretely, the same procedure as in [23] was used, e.g., see details in
Figure 6 and related text of this reference.
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Figure 5. Description of the experimental setup.
3. Results and Discussion
In accordance with the theoretical expectations discussed above, the objective of this section is to
demonstrate experimentally that, under certain conditions, the 1st order loop control may suffer from
“plateau-related” phenomena, which in practice leads to transient losses of control of the chemical
resistance, and that using a 2nd order loop allows for the avoidance this problem. This section also
intends to verify the improvement of the quantization noise shaping when higher-order loops are used.
All these effects are further investigated using an ethanol gas-sensing application as reference.
3.1. Experiment Set 1—Chemical Resistance Control with First and Second Order Sigma-Delta Loops
The first set of experiments aimed to investigate the feasibility of both control loops to obtain
a sequence of arbitrary values of chemical resistance. Accordingly, in the experiment reported in
Figure 6a, the sensor was placed in synthetic air, and the 1st order control loop (see Figure 1) with
a sampling time TS = 1 s was used to set seven different values of Rth in 15 min intervals. It is seen
in Figure 6a that the 1st order control works mostly fine, since the target chemical resistances are
successfully achieved and the bit stream average, or the temperature average applied to the sensor,
tends to stabilize after each Rth step. For example, at t = 10 min Rchem must be increased, and therefore
UNIVERSITAT ROVIRA I VIRGILI 
SYNTHESIS AND GAS SENSING PROPERTIES OF INORGANIC SEMICONDUCTING, p-n HETEROJUNCTION NANOMATERIALS 
Èric Navarrete Gatell 
Sensors 2018, 18, 654 7 of 13
the control loop applies more BIT1s (Thigh dominant), increasing the oxygen adsorption in the sensing
layer, until Rchem = Rth is reached; from then on, the bit stream/temperature average slowly tends
to the value necessary to keep Rchem constant. However, two “plateau events”, labeled as I and II in
Figure 6a, are also observed. During these events, the average temperature injected into the sensor
becomes locked to 240 ◦C (which corresponds to the same average number of BIT1s and BIT0s, i.e.,
bn = 0.5 or the temperature value (Thigh + Tlow)/2), and, in practice, the system behaves as in open-loop,
thus losing control on the value of Rchem.
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On the other hand, Figure 6b shows the result of an experiment similar to that of Figure 6a, using 
the 2nd order controller (see Figure 2) with TS = 2 s. The curves of Figure 6b demonstrate that the 2nd 
order loop allows for the successful achievement of all target values of Rchem and that plateau-related 
events are no longer seen, even using a slower sampling rate. 
In the experiment reported in Figure 7, the sensor is again placed in synthetic air and both control 
loops are used to obtain the same sequence of target chemical resistances, with TS = 0.5 s. According 
to sigma-delta theory, in 1st order loops with leaky integrators the presence of plateaus becomes less 
evident for increasing values of the sampling frequency 1/TS [25]. Note that, although the sampling 
frequency doubles that of Figure 6a, plateau-related events are still observed with 1st order control, 
see Figure 7a. On the other hand, no plateaus are seen in the 2nd order case, see Figure 7b.  
This means that even by doubling the sampling frequency of the experiment in Figure 6, first 
order controls may still produce plateaus (Figure 7). However, using the 2nd order control method 
allows for the avoidance of these plateau-related events, thereby improving the performance of the 
sensor as a system.  
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Figure 6. Experimental results in which 1st and 2nd order controls are used to obtain a given sequence
of target chemical resistances Rth. (a) Time evolution of the chemical resistance (Left) and of the average
temperature provided by the 1st order loop (Right); Rth was set to 376, 385, 375, 381, 377, 382, and
380 kΩ in 15 min intervals; Thigh = 280 ◦C, Tlow = 200 ◦C, δ = 25%, and TS = 1 s; (b) same results when
2nd order control was applied to set Rchem to 341, 348, 335, 346, 337, 344, and 339 kΩ in 60 min intervals;
Thigh = 280 ◦C, Tlow = 200 ◦C, α = 2 kΩ, δ = 20% and TS = 2 s. In left plots, the grey lines are the raw
signals at the sampling frequency, while the green one is the moving average obtained with 200 samples.
On the other hand, Figure 6b shows the result of an experiment similar to that of Figure 6a, using
the 2nd order controller (see Figure 2) with TS = 2 s. The curves of Figure 6b demonstrate that the 2nd
order loop allows for the successful achievement of all target values of Rchem and that plateau-related
events are no longer seen, even using a slower sampling rate.
In the experiment reported in Figure 7, the sensor is again placed in synthetic air and both control
loops are used to obtain the same sequence of target chemical resistances, with TS = 0.5 s. According to
sigma-delta theory, in 1st order loops with leaky integrators the presence of plateaus becomes less
evident for increasing values of the sampling frequency 1/TS [25]. Note that, although the sampling
frequency doubles that of Figure 6a, plateau-related events are still observed with 1st order control,
see Figure 7a. On the other hand, no plateaus are seen in the 2nd order case, see Figure 7b.
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This means that even by doubling the sampling frequency of the experiment in Figure 6, first
order controls may still produce plateaus (Figure 7). However, using the 2nd order control method
allows for the avoidance of these plateau-related events, thereby improving the performance of the





Figure 7. Experimental results in which 1st and 2nd order controls are used to obtain the same 
sequence of target chemical resistances Rth = 370, 382, 372, 358, 368, 388, 372, and 352 kΩ in 60 min 
intervals. In both cases, Thigh = 280 °C, Tlow = 200 °C, δ = 20%, and TS = 2 s; α = 2 kΩ in the 2nd order 
case; (a) time evolution of the chemical resistance (Left) and of the average temperature provided by 
the 1st order loop (Right); (b) same results when 2nd order control was applied. In left plots, the grey 
lines are the raw signals at the sampling frequency, while the green one is the moving average 
obtained with 50 samples. 
The last experiment reported in this section aims to compare the behavior of the two control 
loops in terms of quantization noise in the output bit stream. As it has been said before, a first order 
sigma-delta topology produces a zero of first order. This means a slope of approximately 20 
dB/decade in the quantization noise near zero frequency. With the second order control, a slope of 
approximately 40 dB/decade should be obtained. To observe this effect, the sensor was placed again 
in synthetic air and each type of control with TS = 0.5 s was applied for 3 h to set a target chemical 
resistance of 340 kΩ. As shown in Figure 8a,b, constant chemical resistance and constant average 
temperature are successfully achieved with both control methods.  
The spectral power density corresponding to 16,384 samples of stabilized bit stream was 
calculated in each case. Figure 8c compares the obtained spectra. It is seen there how the presence of 
the additional integrator in the 2nd order controller produces noticeable differences. With the 2nd 
order control, the response at low frequencies becomes improved, and the quantization noise is rolled 
out of the band of interest with a slope of 40 dB/decade, being this figure 20 dB/decade in the 1st 
order case. Let us note that these results strongly resemble those obtained in other works, in which 
1st and 2nd order sigma-delta loops are applied to thermal modulators for flow sensing applications 





Figure 7. Experimental results in which 1st and 2nd order controls are used to obtain the same sequence
of target chemical resistances Rth = 370, 382, 372, 358, 368, 388, 372, and 352 kΩ in 60 min intervals.
In both cases, Thigh = 280 ◦C, Tlow = 200 ◦C, δ = 20%, and TS = 2 s; α = 2 kΩ in the 2nd order case; (a) time
evolution of the chemical resistance (Left) and of the average temperature provided by the 1st order loop
(Right); (b) same results when 2nd order control was applied. In left plots, the grey lines are the raw
signals at the sampling frequency, while the green one is the moving average obtained with 50 samples.
The last experiment reported in this section aims to compare the behavior of the two control
loops in terms of quantization noise in the output bit stream. As it has been said before, a first order
sigma-delta topology produces a zero of first order. This means a slope of approximately 20 dB/decade
in the quantization noise near zero frequency. With the second order control, a slope of approximately
40 dB/decade should be ob ained. To observe this effect, the sensor was placed gain in synthetic
air and each type of control with TS = 0.5 s was applied for 3 h to set a target chemical resistance of
340 kΩ. As shown in Figure 8a,b, constant chemical resistance and constant average temperature are
successfully achieved with both control methods.
The spectral power density corresponding to 16,384 samples of stabilized bit stream was calculated
in each case. Figure 8c compares the obtained spectra. It is seen there how the presence of the additional
integrator in the 2nd order controller produces noticeable differences. With the 2nd order control, the
response at low frequencies becomes improved, and the quantization noise is rolled out of the band
of interest with a slope of 40 dB/decade, being this figure 20 dB/decade in the 1st order case. Let us
note that these results strongly resemble those ob ained in other works, in which 1st and 2nd order
sigma-delta loops are applied to thermal modulators for flow sensing applications [28] and to control
dielectric charging in electrostatic MEMS [29] and CMOS capacitors [30].
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Figure 8. Experimental results in which 1st and 2nd order controls are applied to set Rchem to 340 kΩ
for 3 h. In both cases, Thigh = 290 ◦C, Tlow = 200 ◦C, δ = 25%, and TS = 0.5 s; α = 1.4 kΩ in the 2nd order
case. (a) Chemical resistance of the sensing layer (Top) and averaged temperature provided by the 1st
order loop (Bottom); (b) same results as provided by the 2nd order loop; (c) power spectrum densities
after 16,384 samples of the bit streams, obtained with standard P-Welch MatLab estimation. In top (a,b)
plots, the grey lines are the raw signals at the sa pling frequency, while the green one is the oving
average obtained ith 200 sa ples.
3.2. Experiment Set 2—Gas Sensing with First and Second Order Sigma-Delta Loops
This section investigates the improvements introduced by the 2nd order control in the performance
of the sensor. To this effect, different ethanol concentrations have been applied, while a control loop is
being used to set the condition “constant chemical resistance Rchem measured at constant temperature
Thigh” in the sensing layer.
In the first two experiments, the sensor was initially under synthetic air for 20 min, then a
concentration of 125 ppb of ethanol was applied for another 20 min, and finally synthetic air was
applied again for 20 min. Either a 1st or a 2nd order control loop was applied on each experiment,
with the same BIT parameters, to set the chemical resistance to 300 kΩ. A result comparison of these
experiments is available in Figure 9. It is seen there that, with both controls, the ethanol step produces a
positive step of the average temperature applied, which is the sensor output. This is consistent with the
fact that ethanol is a reducing gas, but its mixing with air makes the environment remain still oxidant,
and therefore it is necessary to increase the ratio of BIT1s (Thigh dominant or temperature increase) to
keep almost constant the chemical resistance. These results indicate that the sensor response under both
controls is rather similar and, in particular, that the 2nd order controller does not reduce its speed, a key
feature of this kind of sensors. Additionally, due to the improved response against quantization noise
provided by the integrator, a noticeably smoother control of the chemical resistance is achieved when
using the 2nd order loop.
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The last two experiments reported consist in applying a sequence of small-increasing steps of 
ethanol concentration to the sensor, while either a 1st or a 2nd order control loop is configured to set 
the chemical resistance of the sensing layer to 155 kΩ. Each step increases the ethanol concentration 
in 25 ppb and lasts for 10 min. The same set of BIT0 and BIT1 parameters was used in both controls, 
and the results are shown in Figure 10. The unwanted effect of a plateau is clearly seen in the case of 
the 1st order control, Figure 10a. Specifically, the sensor becomes locked to a constant average 
temperature (again corresponding to (Thigh + Tlow)/2, bn = 0.5), thus producing the same output value, 
for two different steps of gas concentration.  
This insensitivity to changes in gas concentration does not exist in the case of the 2nd order 
control, which provides an output behavior that clearly follows the increasing-step shape of ethanol 
concentration applied, see Figure 10b. We can conclude that the 2nd order controller ensures a 1-to-
1 relationship between gas excitation and sensor response. 
Figure 9. Experimental results in which either a 1st or a 2nd order control loop is used to set Rchem to
300 kΩ while a step of ethanol concentration was applied to the sensor. Thigh = 290 ◦C, Tlow = 160 ◦C,
δ = 25%, and TS = 1 s in both cases; α = 3 kΩ in the 2nd order case. (a) Evolution with time of the ethanol
concentration (Top), the average temperature provided by the control loop (Middle), and the chemical
resistance (Bottom) when 1st order control was used; (b) same results for 2nd order control. In bottom
plots the grey lines are the raw signals at the sampling frequency, while the green one is the moving
average obtained with 60 samples.
The last two experiments reported consist in applying a sequence of small-increasing steps of
ethanol concentration to the sensor, while either a 1st or a 2nd order control loop is configured to set
the chemical resistance of the sensing layer to 155 kΩ. Each step increases the ethanol concentration in
25 ppb and lasts for 10 min. The same set of BIT0 and BIT1 parameters was used in both controls, and
the results are shown in Figure 10. The unwanted effect of a plateau is clearly seen in the case of the
1st order control, Figure 10a. Specifically, the sensor becomes locked to a constant average temperature
(again corresponding to (Thigh + Tlow)/2, bn = 0.5), thus producing the same output value, for two
different steps of gas concentration.
This insensitivity to changes in gas concentration does not exist in the case of the 2nd order
control, which provides an output behavior that clearly follows the increasing-step shape of ethanol
concentration applied, see Figure 10b. We can conclude that the 2nd order controller ensures a 1-to-1
relationship between gas excitation and sensor response.
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A new second-order delta sigma method that is used to control the chemical resistance of MOX-
based gas sensors has been introduced. This method improves one previously proposed by the 
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allowing for the avoidance of the unwanted plateau-related phenomena that are typical of first-order 
strategies. The feasibility and the features of the new method have been demonstrated 
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architecture, improving the electronic readout of the sensor, and optimizing the sensor physical 
structure.  
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Figure 10. Experimental results in which either a 1st or a 2nd order control loop has been used to set
Rchem to 155 kΩ when a sequence of small steps of ethanol of 25 ppb concentration was applied to the
sensor in 10 min intervals. Thigh = 290 ◦C, Tlow = 160 ◦C, δ = 25%, and TS = 1 s in both cases; α = 3 kΩ in
the 2nd order case. (a) Evolution ith ti e of the ethanol concentration (Top), the averaged bit strea
provided by the control loop ( iddle), and the che ical resistance (Botto ) hen 1st order control
as used; (b) same results when 2nd order control was used. In bottom plots the grey lines are the raw
signals at the sampling frequency, while the green one is the moving average obtained with 200 samples.
4. Conclusions
A new second-order delta sigma method that is used to control the chemical resistance of
MOX-based gas sensors has been introduced. This method improves one previously proposed by
the authors, providing second-order quantization noise shaping, providing smoother responses, and
allowing for the avoidance of the unwanted plateau-related phenomena that are typical of first-order
strategies. The feasibility and the features of the new method have been demonstrated experimentally.
Future work will be oriented towards optimizing controller parameters and architecture, improving
the electronic readout of the sensor, and optimizing the sensor physical structure.
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2.2. Semiconductor Metal Oxide growth and synthesis. 
 
Metal oxides present different morphologies depending on the route employed 
to synthetize them. For instance, we could categorize the structure obtained in 0-
D (nanoparticles), 1-D (nanowires, nanotubes), 2-D (Nanofilms) and 3-D 
(nanomesh).  Despite being the same material and belonging to the same 
crystallographic spatial group, different morphologies could show distinct 
responses towards gases and also present significant alterations in their 
sensitivity and selectivity [30]. Metal oxide nanostructures could be crafted from 
different approaches gathered mainly in physical or chemical synthesis routes; 
these two synthesis approaches are based on either top down or bottom up 
techniques.  
 
A physical synthetic route typically used to grow oxide nanostructures from a 
bottom-up approach is the vapor phase depositions (VPD). VPD consists of 
evaporating a precursor from the desired metallic oxide at high temperature and 
then carry the growth units formed in the gas phase towards a cooler substrate 
were the deposition/growth occurs. By employing such methodology, indium 
oxide (In2O3) nano-octahedra were synthetized inside a tubular furnace at 
1000 ºC and a controlled inert atmosphere. The resulting octahedra obtained 
presented an average range size around 200 nm with a narrow size distribution 
[31]. Nevertheless, those conditions required high inputs of energy as well as a 
high control in the growth conditions (i. e. gas pressure, heating and cooling 
ramps). Therefore, in this thesis a simplified chemical approach was performed 
to obtain such structures. Starting from indium chloride as a precursor, the 
material was grown through an annealing process at 500 ºC under an oxidizing 
atmosphere. Such conditions are enough to reproduce the shape, morphology 
and crystalline phase of those obtained through VPS except for the resulting 
nanostructures present a much wide size distribution, from tenth of nanometers 
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up to some micrometers. On a further step, those nanostructures were manually 
stenciled on top of a flexible Kapton substrate to analyze their behavior when 
exposed to different gas concentrations in a controlled atmosphere.  
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Abstract: Indium oxide octahedral nanopowders were obtained from an ionic precursor compound
after an oxidation process conducted under a low-oxygen atmosphere. This method was found
to produce contamination-free indium oxide nanomaterial with very similar morphological and
crystalline properties to the one produced by vapor-phase transport, but at significantly lower
temperatures and higher yield. The as-synthesized indium oxide was mixed to an organic vehicle
and microdrop deposited to form a film bridging the interdigitated silver electrodes patterned on top
of a flexible, polyimide (Kapton®), substrate. The gas sensing properties of the flexible chemoresistors
towards ammonia vapors, hydrogen, and nitrogen dioxide were investigated. It was found that these
sensors were remarkably sensitive to nitrogen dioxide at a low operating temperature of 150 ◦C.
These results are consistent with the performance of vapor-phase transport synthesized indium oxide
octahedra sensors on rigid, ceramic substrates. Therefore, the results presented here pave the way for
the mass production of inexpensive gas sensors onto flexible substrates via additive manufacturing.
Keywords: indium oxide; flexible substrates; gas sensors; nitrogen dioxide
1. Introduction
Indium oxide (In2O3) belongs to the family of metal oxides, such as tin oxide, tungsten trioxide,
and zinc oxide, which have been reported as promising materials for gas sensing applications. In2O3
is an n-type semiconductor with a band gap of 2.7 eV. This material has been widely studied for gas
sensing. Different shapes and material morphologies (nanofilms, nanowires, nanorods, octahedra) [1,2]
have been already tested. Nanostructured In2O3 has been reported mainly for detecting nitrogen
dioxide (NO2), hydrogen (H2), and ammonia (NH3) [3–5]. Sol-gel, chemical vapor deposition, laser
ablation, or vapor phase deposition have been employed to grow In2O3 nanomaterials. Recently,
we reported the growth of In2O3 nano-octahedra employing vapor-phase transport (VPT) at 1000 ◦C
under an Ar atmosphere [6]. In2O3 octahedra obtained by VPT possess sharp edges and vertices,
and were found to be highly sensitive and remarkably selective to NO2 when operated at moderate
temperatures (i.e., 130 ◦C). However this growth method has the disadvantage—besides the high
operating temperatures needed—of producing small quantities of the nanomaterial. Here we report
an alternative process for obtaining high quantities of octahedral In2O3 at a significantly lower
temperature of 500 ◦C. Additionally, this growth method is conducted without using any solvent or
carrier gases.
Chemoresistive metal oxide sensors require simple transducers, basically consisting of an inert
substrate comprising a pair of interdigitated electrodes onto which the gas sensitive film is deposited
or printed and a heating resistor. Ideally, substrates are required to withstand high temperatures, show
chemical inertness, and behave as barriers to gases and moisture [7]. Ceramic (e.g., alumina) and
Sensors 2018, 18, 999; doi:10.3390/s18040999 www.mdpi.com/journal/sensors
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silicon based substrates have been, by far, the most used substrates for developing gas sensors [8,9].
However, the replacement of these conventional, rigid materials by flexible ones would bring some
advantages such as lowering cost and heat losses and widening the field of applications to wearable
or disposable sensing systems. Nowadays, flexible devices—such as photodetectors, light emitting
diodes, pressure sensors, artificial electronic skin, and biomedical sensors—have been fabricated [10].
The most used materials for implementing flexible substrates have been plastic films, metal foils, and
fibrous materials (including paper and textiles) [11]. Among polymers, polyimide (PI), polyether
ether ketone (PEEK), polyethylene terephthalate (PET), and polyethylene naphthalate (PEN) have
been determined to be suitable materials for the fabrication of flexible substrates and devices [12,13].
Moreover, all these polymeric materials have been often selected to fabricate flexible devices for
sensing applications [14]. Among the above mentioned polymeric materials, PI exhibits temperature
resistance—essential for metal-oxide deposition and sensor operation—and allows to print circuit
tracks. Gas sensors on PI foil have been reported and results were comparable to those obtained on
standard silicon micromachined transducers [7]. Additionally, it has been demonstrated that In2O3 gas
sensors on polymeric transducers behave similarly to those employing ceramic transducers [15]. In this
paper, a low-cost, off-the-shelf adhesive polyimide has been used as a substrate to fabricate metal oxide
sensors, employing In2O3 as a sensing layer. These new results represent a significant advancement in
comparison with our previously reported prototypes, as far as fabrication and deposition processes
have been improved. Namely, the material synthesis process has been optimized and the coating
procedure has been readapted in order to increase reproducibility. Those sensors were tested for three
different gases. These devices bring good openings for developing flexible sensors employing metal
oxides in the near future.
2. Materials and Methods
2.1. Material Preparation
In2O3 was obtained by employing commercially-available indium chloride (InCl3, Sigma Aldrich,
St. Louis, MO, USA, 99.8% purity) via an oxidation process. This precursor is stored at 0 ◦C because
indium chloride starts sublimating at 5 ◦C. In a typical synthesis experiment, 40 mg of InCl3 were
weighed and put in a ceramic crucible, which was immediately placed inside a muffle. Three tests
were carried out to determine the best oxidizing temperature, setting the muffle at 400 ◦C, 500 ◦C, and
600 ◦C. Generally, in the oxidation process, a current of pure, dry air is used to increase the availability
of oxygen species [11]. In our experiments, the oxidation process was conducted without employing
an air flow in order to obtain a crystal oxide structure under low oxygen concentration. Once the
crucible was placed inside the muffle, its temperature was increased progressively at a 5 ◦C·min−1 rate,
until it reached the oxidizing temperature (i.e., 400 ◦C, 500 ◦C, or 600 ◦C). Once reached, the oxidation
temperature was kept for 120 min. Finally, the material was left inside the muffle to naturally cool
down to room temperature. The success in the oxidation process could be checked by the naked eye,
given the change in color experienced from white InCl3 to light yellow In2O3. Before any further
processing, the obtained materials were placed inside an agate mortar and mashed softly until they
turned into a homogenous yellowish dust.
2.2. Sensor Fabrication
Transducers comprise two interdigitated (IDE) silver electrodes over a polymeric substrate.
The width of the IDE fingers is 300 µm and the electrode gap was 300 µm. The surface of the electrode
area was 2.4 × 5.7 mm. As a substrate, a commercially-available, highly-resistant, adhesive-coated
polyimide foil (Kapton® 25 µm) was used. For the fabrication of the electrodes, an additional layer
of adhesive-coated polyimide was used as a shadow mask. Over the external layer, a finger-shape
electrode pattern was cut by a CO2 laser. Afterwards, the surface was wiped off with a towel moistened
with ethanol (ethanol 96% pure, Sigma Aldrich). Using a pair of tweezers, the material belonging to
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the pattern was removed, thus obtaining a negative mask. Silver (Ag) ink (DuPont® 5064H, silver
conductor, Wilmington, DE, USA) was stenciled with a spatula onto the polyimide. Then, the ink was
dried inside an oven for 20 min at 130 ◦C. Subsequently, the shadow mask was peeled-off obtaining
two IDE deposited on the polymeric substrate.
In order to obtain a sensing layer of In2O3 octahedra, a microdrop coating technique was employed
to coat the electrode area of the transducer. To implement such a technique, 20 mg of nanomaterial
were placed inside an Eppendorf and mixed with 0.5 mL of 1,2-propanediol to obtain a suspension.
The suspension was agitated to ensure a homogeneous suspension and using a micropipette, 1 µL
droplet was deposited on top of the electrode area. Subsequently, the sensor was placed inside an oven
at 150 ◦C to enable solvent evaporation. This process was repeated up to four times for each device,
until film resistance ranged between 3 and 6 MΩ at room temperature.
3. Results
3.1. Material Characterization
The morphology—chemical composition and crystalline phase—of the different In2O3
materials obtained were characterized using environmental scanning electron microscopy (E-SEM),
energy-dispersive X-ray spectroscopy (EDX) and X-ray diffraction (XRD), respectively. An E-SEM
(FEI QUANTA600, Hillsboro, OR, USA) coupled to an EDX (Oxford Instruments, Abingdon,
UK) were employed to study the structure and composition of materials. Figure 1 summarizes
E-SEM results showing the morphologies of the In2O3 nanomaterials for the different synthesis
temperatures employed.
Figure 1. E-SEM micrographs showing the evolution of the morphology of indium oxide materials
as a function of the temperature employed during the synthesis. (Left), (middle), and (right) panels
correspond to an oxidation step conducted at 400 ◦C, 500 ◦C, and 600 ◦C, respectively.
When the oxidation is conducted at 400 ◦C the resulting indium oxide contains a few octahedra,
however, it mainly consists of particles of irregular shape and amorphous material. In contrast,
when the oxidation was conducted at 500 ◦C, indium oxide appears in the form of octahedra with
well-defined surfaces and sharp edges and vertices. At 600 ◦C even though octahedra are still present,
many are fused together and a significant amount of particles re-appear. These studies reveal that
when the synthesis is conducted at 500 ◦C, the octahedral morphology is improved.
EDX results (supporting information) indicate the presence of In, O, and Cl for samples oxidized
at 400 ◦C. In the literature it has been reported the poisoning effect of chlorine ions. Several studies
have been conducted to understand the effect of such ions; when there are either on the material
surface or included in the metal oxide structure. Chlorine ions can interact with different types of
metal oxides in a way that leads to different effects such as their corrosion or breakage, reducing their
performance and lifetime [16]. Chlorine contamination is indicative that the precursor has not been
fully oxidized and removed by the process conducted at 400 ◦C. Therefore, in an attempt to eliminate
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the Cl surplus, different oxidizing temperatures have been tested. In contrast, for samples oxidized at
500 ◦C and 600 ◦C only In and O are detected, indicating that Cl is completely removed or is present at
concentrations that are under the limit of detection of the EDX technique.
Considering the morphology and composition results revealed by E-SEM and EDX, the optimal
oxidizing temperature was 500 ◦C. Once the optimal growth temperature is known, a yield study
was carried out to determine the efficiency of such a type of growth, 20.5 mg In2O3 were obtained
employing 50 mg of InCl3 precursor, resulting in an excellent global yield of 65%. Most of these losses
occur during the transfer of the material from the ceramic crucible were it is grown to the agate mortar
and from there to the Eppendorf where a suspension of indium oxide octahedra is prepared.
Considering the microdrop coating method employed for depositing the gas-sensitive material
onto transducers, 20 mg of nanomaterial are enough for producing more than 100 sensors. Additionally,
this high-yield synthesis process can be easily scaled up and is simpler to implement than VPT. Unlike
VPT, the method employed here is run at 500 ◦C in a standard muffle under atmospheric conditions,
avoiding the use of a tubular quartz furnace under atmospheres of controlled gas flows. Therefore,
it represents a good option for the inexpensive, mass production of materials and sensors.
The crystalline phase of samples grown at the optimal temperature of 500 ◦C was studied by
XRD. These results are presented in Figure 2 where the diffraction pattern correlates with the typical
cubic structure of In2O3 corresponding to space group Ia-3 with an a◦ = 10.12 Å. The In2O3 displays a
bixbyite structure belonging to the space group 206 mentioned before. This space group corresponds
to a body-centered cubic structure formed by 40 atoms in the primitive cell. Two non-equivalent
lattice positions are occupied by indium atoms being surrounded by oxygen in trigonal and octahedral
prismatic coordination, which results finally in the octahedral shape of the nanostructures observed
by E-SEM.
Figure 2. Typical XRD pattern of an In2O3 sample synthesized at 500 ◦C.
All the peaks found in the spectrum correspond to each one of the faces displayed by the material
with lower or higher intensity, fitting with the corresponding JCPDS card no. 01-071-2194. The most
representative peaks appear labelled in Figure 2. None of the peaks present could be attributed to
impurities, confirming the purity of the material synthesized [17]. The results of the XRD analysis for
the sample synthesized at 500 ◦C match those reported previously for In2O3 octahedra synthesized at
1000 ◦C via the VPT method [6], which indicates that the crystalline quality of the samples discussed
in this paper is very similar to the one reported before.
Considering these results, chemoresistive gas sensors were produced by depositing films of In2O3
synthesized at 500 ◦C. Figure 3 shows low-magnification E-SEM images of the electrode area of a
Kapton transducer before and after being coated with the gas-sensitive film. The microdrop coating
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method employed succeeds in completely and homogeneously recovering the electrode area with the
gas-sensitive indium oxide film.
Figure 3. Low-magnification E-SEM images of the electrode area of a chemoresistive sensor employing
a Kapton substrate. (left) The substrate before coating. (right) The same substrate after being coated
with a dropped indium oxide gas sensitive film.
3.2. Gas Sensing Results
The sensors were exposed to different concentrations of NO2, NH3, and H2 and tested by means of
DC resistance measurements. Different operating temperatures were tested to determine the optimal.
Sensing experiments were carried out under dry air conditions. For all measurements, 60 min of
synthetic air were employed to clean the sensor surface and stabilize its baseline signal, followed by
30 min pulses of target gas at different concentrations alternated with 30 min pulses of synthetic air to
enable the sensors to recover their baseline. All these experiments were conducted with the sensors
placed inside a Teflon chamber (14 cm3) under a constant flow of 100 mL·min−1, either of pure, dry
air, or of a gas mixture balanced in dry air. Under these conditions, the relative humidity in the test
chamber where sensors were housed remained stable at 3% (temperature was 25 ◦C). In an attempt to
determine the optimal operating temperature for the different species measured, sensors were operated
at 100 ◦C, 150 ◦C, 200 ◦C and 250 ◦C. The highest working temperature was set to 250 ◦C. According
to the specifications of the silver ink used to draw the electrodes, it is not recommended to heat the
substrates above 250 ◦C. At higher operating temperatures, electrodes would suffer cracks, oxidation
processes, and could even detach from the substrate, which would shorten the sensor lifetime.
Figure 4 shows the typical dynamic evolution of the resistance of a sensor when exposed to
successive pulses of increasing concentrations, of the different species tested. For each species,
the response displayed was recorded at the optimal operating temperature of the sensor.
In2O3 behaves as an n-type semiconductor and sensor resistance decreases for reducing species
such as NH3 or H2 and increase for oxidizing species like NO2. Each cycle of increasing concentration
pulses is repeated at least two times for each panel in Figure 4. The responses are highly reproducible.
Some baseline drift is present that is especially visible for NO2. This is due to the strong interaction
of this oxidizing species with the gas sensitive film—which combined to the relatively low operating
temperature of the sensor (i.e., 150 ◦C)—does not allow for a complete desorption of adsorbed species
and baseline recovery during each cleaning phase [18].
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Figure 4. Dynamic evolution of sensor resistance for successive response and recovery pulses of
the different species tested. The upper panel corresponds to NH3 pulses for a sensor operated at
150 ◦C. The middle panel corresponds to H2 pulses for a sensor operated at 250 ◦C. The lower panel
corresponds to NO2 pulses for a sensor operated at 150 ◦C.
3.2.1. NH3 Results
Figure 5 (upper panel) shows the effect of the operating temperature on the response to NH3.
The response as a function of temperature curve shows the typical volcano shape for metal oxides [19].
As shown in Figure 5, the response towards NH3 is maximum when the sensor is operated at 150 ◦C.
Elouali et al. [4] reported an optimum operating temperature of 450 ◦C to 10 ppm concentration of
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NH3 with a response of 1.76 for In2O3 prepared via continuous hydrothermal flow synthesis. In [20]
an operating temperature of c.a. 175 ◦C was reported, with responses of 1.3 and 1.05 for 500 ppm and
100 ppm concentration of NH3, respectively for In2O3 thin films prepared via thermal evaporation. Our
sensor showed a response of 1.12 to a 20 ppm pulse of NH3 comparing favorably with the optimum
operating temperature for the sensors mentioned before.
The lower panel in Figure 5 shows the calibration curve for NH3 when the sensor is operated
at 150 ◦C—i.e., the optimal operating temperature for this species. Measurements present low
standard deviation, below 1%, even lower for the higher NH3 concentrations, which is indicative
of high repeatability. The responsiveness towards NH3 of the indium oxide octahedra sensors is
moderated [4,20] and shows a tendency to become saturated for concentrations higher than 30 ppm.
When operated at the optimal operating temperature of 150 ◦C, response and recovery times (t90) for
ammonia were 190 and 410 s, respectively.
Figure 5. Effect of the operating temperature on the response towards different concentrations of
NH3 (upper panel). Calibration curve towards NH3 for a sensor operated at the optimal working
temperature of 150 ◦C (lower panel).
3.2.2. H2 Results
The sensors fabricated were exposed also to different concentrations of H2. Following the same
approach, in the first place, a temperature study was carried out in order to find the optimal working
temperature for this particular gas. The results obtained are shown in the upper panel of Figure 6.
The response towards H2 of the In2O3 sensors increased with operating temperature, therefore,
the higher responses were obtained at 250 ◦C. Even though increasing the operating temperature of
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the sensors further could lead to even higher responses, the maximum temperature was set to 250 ◦C
in order to prevent the occurrence of electrode damage, as already discussed above.
Figure 6. Effect of the operating temperature on the response towards different concentrations of H2
(upper panel). Calibration curve towards hydrogen for a sensor operated at the maximum allowed
working temperature of 250 ◦C, which resulted in the higher responsiveness to hydrogen (lower panel).
The standard deviation of H2 responses when the sensor was operated at 150 ◦C was lower than
5%. Meanwhile when the sensor was operated at 250 ◦C, the standard deviation of H2 responses
increased up to 15%. The calibration curve for H2 shown in the lower panel of Figure 6 indicates that
sensor response is quite linear for low H2 concentrations (up to 100 ppm). The higher concentration
measured was 400 ppm of H2 and, up to this value, the sensor does not show response saturation.
When operated at the optimal operating temperature of 250 ◦C, response and recovery times (t90) for
hydrogen were 195 and 850 s, respectively.
Previously-reported In2O3 sensors, based on other synthesis techniques (flower-like indium oxide
prepared via hydrothermal method, operated at 210 ◦C, [5]), shown responses magnitudes of 1.4 to H2
concentrations above 100 ppm. Below this concentration those sensors show no response at all, unlike
the linear response reported in this work.
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3.2.3. NO2 Results
Sensors were exposed to low concentrations (3, 5, 5.5, and 6 ppm) of NO2 at two different
temperatures; 100 ◦C and 150 ◦C. Figure 7 shows the response of the sensors at both temperatures,
which is better at 150 ◦C. S. Roso et al. [6] reported an optimum operating temperature of 130 ◦C for
a high-temperature grown In2O3 (octahedral nanoparticles on top of an alumina substrate), which
correlates with our results. When operated at the optimal operating temperature of 150 ◦C, response
and recovery times (t90) for nitrogen dioxide were 105 and 785 s, respectively. These are very similar
to the values reported in [6].
Many indium oxide synthesis methods and sensor structures have been reported for detecting
nitrogen dioxide. Indium oxide responses to nitrogen dioxide range from 352.3 (@ 100 ppb) for a sensor
operating at 120 ◦C, as reported in [21], to the rather small one of 0.1 (@ 5 ppm) for a sensor operating
at 150 ◦C [2]. In comparison, the response for NO2 (@ 5 ppm) for the sensors reported in this paper is
5.75, which is a remarkable result for such a simple and inexpensive synthesis and sensor manufacture
process. In addition, this response reported here represents almost a five-fold increase in comparison to
the response reported previously for indium oxide coated polyimide chemoresistors [15] in which the
active film was synthesized at 400 ◦C. A comparison of the characteristics and gas sensing performance
of different indium oxide sensors can be found in the Supplementary Materials.
Figure 7. Sensor response towards NO2 at two different operating temperatures.
4. Discussion
The mechanism of response to reducing species such as ammonia or hydrogen involves the
interaction with oxygen species adsorbed on the surface of indium oxide. The nature of oxygen species
depends on the temperature of the metal oxide [19,22,23].
O2(g) ↔ O2(ads)
O2(ads) + e
− ↔ O2−(ads) (<150 ◦C)
O2−(ads) + e
− ↔ 2O−(ads) (150–400 ◦C)
O−(ads) + e
− ↔ O2−(ads) (>400 ◦C)
Considering that the best temperature for detecting ammonia vapors has found to be 150 ◦C,
it can be assumed that both adsorbed molecular oxygen O2− and O− species coexist on the surface of
indium oxide and, therefore, the following reactions can explain ammonia response:
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4NH3 + 3O2−(ads) ↔ 2N2 + 6H2O + 6e−
2NH3 + 3O−(ads) ↔ N2 + 3H2O + 3e−
2NH3 + 4O−(ads) ↔ N2O + 3H2O + 4e−
2NH3 + 5O−(ads) ↔ 2NO + 3H2O + 5e−
The release of electrons explains the decrease in sensor resistance observed upon exposure
to ammonia.
Indium oxide octahedra show response to hydrogen when operated at 250 ◦C. At such operating
temperature, the response mechanism can be summarized as follows. Hydrogen is adsorbed and
reacts with O− species, resulting in the formation of water molecules, which eventually desorb from
the surface of indium oxide:
H2 + O−(ads) ↔ H2O + e−
This response to hydrogen could be increased further by loading the film with Pt or Pd
nanoparticles [6]. Pt or Pd nanoparticles supported onto n-type metal oxides have been reported
to enhance response towards hydrogen via a combination of chemical and electronic sensitization
effects [19,22,23].
When operated at 150 ◦C, pure indium oxide octahedra show a remarkable response towards NO2
and, considering the small response measured for the other species tested at such low temperature,
a certain degree of selectivity towards nitrogen dioxide is achieved. Additionally, ambient moisture
facilitates the adsorption of NO2 on the surfaces of indium oxide octahedra [6] or of indium oxide
nanoparticles [18], further increasing sensor response and sensitivity to this species.
Recently we employed diffuse reflectance infrared Fourier transform spectroscopy (DRIFTS)
under operando conditions to identify the surface species involved in the sensing of nitrogen dioxide,
employing indium oxide [18]. It was found that different sensing mechanisms were in place depending
on the operating temperature. While the electrical response of In2O3 results from the adsorption of
NO2, this adsorption differs substantially due the changes in the chemical nature of the surface of
indium oxide at different temperatures. In particular, when the indium oxide sensor is operated at
low temperatures, gas sensing involves surface hydroxyls with and without hydrogen bonds present
over the surface. Hydrogen-bonded hydroxyl groups are consumed when the sensor is exposed to
NO2. This facilitates NO2 adsorption, which withdraws electrons via the conduction band of In2O3
and, therefore, increases sensor resistance. In addition, adsorbed NO2 forms surface nitrites that
interact with isolated surface hydroxyls. Surface nitrites irreversibly increase in concentration during
successive exposures to NO2 at low operating temperatures, but this does not directly translate into a
drift. In fact, sensor response is dominated by the hydrogen-bonded hydroxyl groups mediated NO2
adsorption mechanism.
In the experiments reported here, even though dry air was used as carrier gas, the relative
humidity inside the sensor chamber stabilized at 3% (@ 25 ◦C) and, given the fact that the operating
temperature for detecting NO2 was set to 150 ◦C, the sensing mechanism discussed above holds.
5. Conclusions
Here we have introduced a straightforward process for synthesizing In2O3 octahedral
nanoparticles. This process requires lower temperatures and obtains a significantly higher yield
than a VPT method we reported previously. The quality of indium oxide octahedra (e.g., absence
of contamination and crystallinity) is very similar to the one of indium oxide synthesized via the
more involved VPT method, which makes the approach reported here very promising for the mass
production of high-quality nanomaterials. The synthesized materials were microdrop coated onto
flexible polyimide transducers for producing chemoresistive gas sensors. Their performance in the
detection of different target gases, namely, H2, NH3, and NO2 was studied. Morphologies like
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octahedra offer advantages for gas sensing since they possess sharp edges and tips, providing more
active sites and smooth surfaces exposed to their chemical environment. It was found, in agreement
with our previous results, that pure indium oxide octahedra films were very sensitive towards nitrogen
dioxide, provided that their operating temperature was set to moderate values (e.g., 150 ◦C). Indium
oxide also shows potential for detecting hydrogen, however, loading of indium oxide octahedra with Pt
or Pd nanoparticles seems necessary to increase response and lower the optimal operation temperature.
These results demonstrate the feasibility of the material synthesis and sensor production methods
discussed here for achieving flexible gas sensors using inexpensive polymeric substrates. Flexible
devices show gas sensing properties that match those of sensors onto ceramic or silicon rigid substrates.
In the near future the miniaturization and optimization of the flexible transducer together with the
development of a flexible smart tag for detecting nitrogen dioxide will be envisaged.
Supplementary Materials: The following are available online at http://www.mdpi.com/1424-8220/18/4/999/s1,
Figure S1. EDX from an In2O3 sample synthesized at 400 ◦C. Figure S2. EDX from an In2O3 sample synthesized at
500 ◦C sample. Figure S3. Nitrogen dioxide calibration curves for a sensor consisting of indium oxide synthesized
at 400 ◦C coated onto a polyimide flexible transducer. Table S1. Comparison of gas-sensing performances of In2O3
gas sensors using different structures.
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The above-mentioned materials have been grown or deposited through physical 
methodologies, yet the best bottom-up methodologies are those based on the 
chemical growth of the material. Typically, physical methodologies require 
higher temperatures to evaporate the precursors (VPD), high-vacuum to avoid 
cross-contamination (Sputtering) or even a combination of both high 
temperatures and high vacuum in the case of the molecular beam epitaxy (MBE) 
family techniques. In contrast chemical synthesis methodologies or techniques 
usually require less energy in terms of temperature as the chemical reactions 
occur at lower temperatures. For instance, an example of low temperature 
chemical synthesis route is hydrothermal synthesis. In such methodology, the 
chemical precursors either organic or inorganic are placed inside a Teflon 
cartridge and then kept at high pressure and relatively low temperatures ranging 
from 100 ºC to 250 ºC depending on which type of synthesis is taking place. The 
high vapor pressure reached with an autoclave forces the crystallization of the 
materials synthesized. The oxide crystals obtained through this methodology 
could either be pure or loaded with foreign metals (typically noble or transition-
metals) at different loading levels and also present core-shell structures 
depending on the parameters preset in the reaction. In this these, we synthesized 
and studied two ZnO structures grown through hydrothermal method. Such 
structures present different morphologies obtained tuning the growth 
parameters. ZnO nanorods and ZnO nanoflowers were fully characterized for 
their chemical composition, morphology and structure by means of scanning 
electron microscope (SEM) and Electron dispersive X-ray, XPS, high resolution 
transmission electron microscope (HR-TEM) and X-Ray diffraction (XRD). 
Furthermore, the ability to detect and measure target gas concentrations was 
studied for a controlled atmosphere under lab conditions.  
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A B S T R A C T
Here, we report the hydrothermal synthesis of flower-shaped ZnO nanostructures and investigated their mor-
phology-dependent gas sensing properties. Scanning electron microscope (SEM) study confirmed the formation
of two kinds of floral structures. At short reaction time, flower-like structures (2–3 μm in size) composed of
nanoparticles are formed, whereas floral assemblies (˜ 5 μm) of nanorods are formed at long reaction time. X-ray
diffraction (XRD) confirmed the formation of the hexagonal wurtzite structure of ZnO. The average crystallite
size of prepared nanoflowers and nanorods were found to be 21 nm and 43 nm, respectively. These results are
supported by transmission electron microscopy (TEM). The band gap of ZnO nanostructures was calculated from
the UV–vis absorption spectrum and found to be 3.0 eV and 3.19 eV for ZnO nanoflowers and nanorods, re-
spectively. Broad absorption peak in the visible region of photoluminescence (PL) spectra confirmed the pre-
sence of oxygen vacancies in both specimens. Furthermore, morphology dependent gas sensing property was
investigated for ethanol, benzene, carbon monoxide, and nitrogen dioxide at different operating temperatures
and concentrations. Although both morphologies have shown good sensitivity and selectivity towards NO2 at
ppb, the response of nanoflower was higher than that of nanorods, which was attributed to its relatively higher
surface area and amount of surface defects.
1. Introduction
The tremendous increase in air pollution including both indoors and
outdoors containing toxic gases and volatile organic compounds
(VOCs), disturbing everyone is a major environmental health problem
has been acknowledged by the World Health Organization (WHO) [1].
High levels of VOCs are normally emitted by many precise sources and
methods that include exhaust gas, water separation techniques, in-
dustrial wastewater, petroleum refining, natural gas processing, petro-
chemical processes, and paints. It is observed that 50–300 different
VOCs has been detected in indoors which is almost ten times higher
than outdoors [2]. Therefore, for the detection and monitoring of these
harmful and poisonous pollutants, the development of sensors is a
topmost priority in the area of research [3]. Metal oxide semiconductor
(MOS) gas sensors are currently being widely used in many industrial
and domestic applications in detection of toxic, flammable and
explosive gases [4]. These gas sensors are highly attractive due to their
high sensitivity, flexibility in production, small size, low cost and sui-
table for detection of both reducing and oxidizing gases [5,6].
Among the various MOS, Zinc Oxide (ZnO), is extensively known as
a wide and direct band gap semiconductor of about 3.37 eV at room
temperature [7]. Also, ZnO is n-type II-IV semiconductor material and
shows useful features such as well chemical stability, excellent optical
properties, non-toxicity, suitability to doping, low cost, high surface-to-
volume ratio and considerable sensitivity at even low temperatures
[8,9]. Due to these distinctive properties, it has been considered as one
of the most favorable materials for gas sensing over the past few years.
The gas sensing properties of synthesized ZnO nanostructures strongly
depend on their shape and size, as well as morphology and crystallinity
[10,11]. To date, various morphologies of ZnO have been fabricated
such as nanotubes [12], nanorods [13], nanowires [14], nanosheets
[15], nanoflowers [16], nanoflakes [17] nanoplates [18] and so on. But
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still, a shape controlled ZnO synthesis method is indispensable for ex-
ploring the potential of ZnO as a source of smart and functional ma-
terials.
The synthesis method and the structure directing agents play an
important role in controlling the morphology of these nanostructures.
Different methods have been adopted to synthesize these nanos-
tructures including precipitation [19], electro-deposition [20], electro-
spinning [21], thermal evaporation [22], RF sputtering [23], micro-
wave-assisted solution phase reaction [11] and hydrothermal [24].
Among them, the hydrothermal method has been found to be the most
promising route for fabricating the well-crystallized structures [25–29].
The slight changes in experimental parameters like reaction tempera-
ture, time and pH value strongly affect the precise morphology
[30–35].
Herein, we report a simple shape controlled ZnO synthesis method
through a one-pot hydrothermal method to synthesize ZnO nanoflowers
and ZnO nanorods (bunches). These nanostructures are characterized
by XRD, SEM, TEM and UV–vis spectroscopy. Furthermore, the gas
sensing measurement revealed that the hierarchical leaf-like nano-
flowers show excellent gas sensing properties as compared to the rod-
like nanostructure of ZnO.
2. Materials and methods
2.1. Synthesis of ZnO nanostructures
All chemicals were of analytical grade and used without further
purification. The hydrothermal method was used to fabricate ZnO na-
nostructures [36]. In the typical synthesis, 0.35 g of zinc acetate dihy-
drate (Zn(CH3COO)2·2H2O) and 0.24 g of citric acid monohydrate
(C6H8O7·H2O) was dissolved into 67ml deionized water and 13ml
ethanol under vigorous stirring. Then, 10M NaOH solution was
dropped into the above solution with stirring until the pH value reached
13. After some time of fully mixing, the resulting homogeneous solution
was transferred into a 100ml capacity autoclave with a Teflon-liner.
Then the autoclave was heated at a constant temperature of 150 °C for
17 h and 19 h, respectively. The autoclave was allowed to cool to room
temperature naturally. Finally, the white products were collected by
centrifugation and thoroughly washed with deionized water and
ethanol several times and dried at 80 °C for 12 h.
2.2. Characterization
The crystallinity of the prepared ZnO nanostructures was char-
acterized by X-Ray diffraction (XRD, Panalytical XPert Pro X-ray dif-
fractometer) using Cu-Kα radiation source at λ=1.5406 Å ranging
from 20° to 80° (2θ) with a scanning step size of 0.020°. Field Emission
scanning electron microscopy (FESEM, Nova Nano FE-SEM 450 FEI)
was used to examine the surface morphology of the samples. Further,
these structures were studied by high-resolution transmission electron
microscopy (HRTEM, Tecnai G2 20 (FEI) S-TWIN). Optical character-
ization was carried out by UV–vis NIR spectrophotometer (UV–vis,
LAMBDA 750 Perkin Elmer) in the wavelength range of 200–800 nm.
The Brunauer–Emmett–Teller (BET) nitrogen adsorption-desorption
isotherms of the ZnO nanostructures were measured from
Quantachrome NOVA touch LX2 Instrument. Room-temperature pho-
toluminescence (PL) measurements were made with a chopped Kimmon
IK Series He-Cd laser (325 nm). Fluorescence was dispersed with a
Princeton Instruments Acton SP2750 0.750m imaging triple grating
monochromator, detected using a Hamamatsu H8259-02 with a socket
assembly E717-500 photomultiplier, and amplified through a Stanford
Research Systems SR830 DSP. To filtering the stray light, a 360 nm
filter was used. The optical transfer function of the PL setup was used to
correct the emission spectra.
2.3. Sensing device fabrication and measurement
A microdrop coating technique was used for preparing the sensing
devices, to coat the electrode region of the alumina transducer as shown
in Fig. S1a. To attain such devices, 20mg of ZnO nanomaterials were
dissolved with 0.5 mL of 1, 2-propanediol and obtain a suspended so-
lution, placed inside an Eppendorf. This prepared solution was soni-
cated and stirred until to confirm a homogeneous suspension. After that
1 μL droplets were dropped on top of the electrode area by using a
micropipette. Consequently, for the evaporation of the solvent, sensing
devices were placed inside an oven at 150 °C. Lastly, devices were
sintered at 500 °C for 2 h in the furnace.
In order to study the gas sensing properties of the resulting ZnO
films, the layers were exposed to different concentrations of target
gases. The devices were kept inside a Teflon airtight gas chamber for
the gas sensing measurements (Fig. S1b). The sensors were stabilized
under a flow of zero-grade synthetic dry air at each of the temperatures
studied for 2 h before initializing the gas measurements. In this parti-
cular study, the gases studied were ethanol vapors measured at 5, 10,
15 and 20 ppm, benzene at 2.5, 5, 7.5 and 10 ppm, carbon monoxide
both at 25, 50, 75 and 100 ppm and, finally, nitrogen dioxide at 250,
500, 750 and 1000 ppb. The delivery of reproducible concentrations of
the species tested was carried out using an automated computer-driven
mass-flow gas control system. Gas sensing studies were performed in
repeated cycles that comprised 30min of exposure to a given gas con-
centration pulse, followed by 30min under dry air for cleaning and
baseline recovery. The flow rate of gas was adjusted to 100mL/min
throughout the gas sensing measurements. The change in the DC elec-
trical resistance of ZnO films was monitored by using a Keysight 3972 A
data acquisition system.
3. Results and discussion
3.1. Structural and morphological studies
The crystal structures and phase of the synthesized ZnO nanoflowers
and nanorods were analyzed by XRD as shown in Fig. 1. The diffraction
patterns are indexed to hexagonal wurtzite ZnO phase in accordance
with JCPDS card no. 01-079-0205. It can be concluded from these
characteristic peaks that ZnO has a hexagonal crystal structure and
matches the space group of P63mc with lattice constants
a= 0.3240 nm and c= 0.5187 nm for nanoflowers and a=0.3242 nm
and c=0.5193 nm for nanorods. The strong and sharp peaks show the
good crystallinity of the synthesized materials. Further, it was noticed
that no characteristic peaks from other phases or impurities are ob-
served in the diffraction pattern of both samples, indicating high purity
of specimens. The average crystallite sizes of prepared samples were
Fig. 1. XRD patterns of as-prepared ZnO nanoflowers and ZnO nanorods.
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calculated by using the Scherer’s formula from the XRD patterns have
been found to be about 21 and 43 nm of nanoflowers and floral as-
semblies of nanorods, respectively.
Surface morphologies of the ZnO nanostructures are analyzed by
SEM and displayed in Fig. 2. Flower-like ZnO composed of nano-
particles is formed at short reaction time as depicted in Fig. 2a and b.
The size of flower-like geometry was 2–3micron having 200–500 nm
petals. The roughness of the petals surface was attributed to the clus-
tering of nanosized particles (Fig. 2b). Such a distinctive hierarchical
flower-like structure has many petals and pores, which are going to play
a significant role in improving the gas sensing properties. It is quite
interesting that the floral assemblies (˜5 μm) of ZnO nanorods are
formed when the reaction time was increased as shown in Fig. 2c and d.
The whole structure is made from a dozen of ZnO nanorods with a
smooth surface and diameters of these nanorods range from 100 to
500 nm and their length is up to several micrometers.
The TEM images of the ZnO nanoflowers and nanorods are shown in
Fig. 3a and d, respectively and illustrate that both the size and mor-
phology were similar to the observations of FESEM. Clear lattice fringes
are observed correspondingly in both HRTEM images (Fig. 3b and e) of
nanoflowers and nanorods. Furthermore, the lattice fringes of 0.246 nm
and 0.245 nm were allocated to the (101) plane of wurtzite ZnO na-
nostructures. Fig. 3c and d show the SAED patterns of ZnO with na-
noflowers and nanorods morphology, respectively confirming their
high crystalline nature due to presenting sharp spot diffraction patterns.
The BET surface areas of these two specimens were measured by ni-
trogen adsorption-desorption process. The surface area of ZnO nano-
flowers (10.8 m2 g−1) found to be greater than ZnO nanorods
(7.5 m2 g−1) as displayed in Fig. S2 (See in supporting information)
During the hydrothermal process following chemical reactions may
have been involved:
Zn2++4OH¯ ↔ [Zn(OH)4]2−
2[Zn(OH)4]2− ↔ 2ZnO + 4H2O+O2
It is well-known that by nucleation and crystal growth process, the
growth of ZnO can be controlled, where nucleation occurs first followed
by crystal growth. The nucleation rate is slow and crystal growth is
relatively fast, at higher pH. Due to fewer nuclei and much more growth
units, the complex [Zn(OH)4]2− can be easily linked with the surface at
the different site of a ZnO seed and grows along the c axis into petal-like
crystal forming flower-like structures. Further increase in reaction time
may result in dissolution and re-nucleation of side branches into na-
norods connected to the central points. A schematic presentation of a
plausible growth mechanism is given in Fig. 4.
3.2. Optical studies
UV-Vis absorption spectroscope was used to study the optical
properties of the synthesized ZnO nanostructures. The main absorption
peak at room temperature for ZnO nanoflowers is recorded around
380 nm and around 356 nm for nanorods as shown in Fig. 5a. This is
attributed to the direct transition of electrons between the valance band
and conduction band [37]. The band gap energy of the ZnO nanos-
tructures is calculated by the extrapolation of the linear portion of the
graph between the function (αhν)2 versus photon energy (hν) [38], as
shown in Fig. 5b. The band gaps of nanoflowers and nanorods are
3.0 eV and 3.19 eV, respectively. A significant increase in the band gap
of nanorods was due to the increase in diameter of ZnO rods in com-
parison to the diameter of leaves in flowers. This shifting in band gap
may be attributed to electron confinement as observed in various na-
nomaterials [39] and also could be due to changes in their morpholo-
gies, defects and grain size confinement [40,41].
The PL spectra are shown in Fig. 6. The two emission bands have
been observed at room-temperature by pumping at 325 nm. One is
narrow excitonic near-band-edge (NBE) emission in the UV range at
around 380 nm [42] and second is a broader deep level emission (DLE)
Fig. 2. SEM images of as-prepared ZnO nanostructures; (a) and (b) ZnO nanoflowers; (c) and (d) bunches of ZnO nanorods.
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band in the visible range from 430 to 850 nm [43]. For relative com-
parison, the intensity of every spectrum was normalized to the intensity
of the DLE emission. The exciton peak for the ZnO nanorods is situated
at 386 nm, whereas for the ZnO nanoflowers is shifted to 380 nm, and
the full width at half maximum (FWHM) are around 120 and 200MeV,
respectively. This broadening in FWHM for the ZnO nanoflowers was
observed because of the higher quantity of intrinsic defects. The shift in
NBE emission agrees well with the absorption results, see Fig. 5. The
DLE wide band also shows a shift in the position of the maximum
emission intensity. For the ZnO nanorods, the maximum is located near
610 nm, while for the ZnO nanoflowers the maximum is located at
around 660 nm. The DLE/NBE ratio is a significant parameter to eval-
uate the crystal-quality between samples [44]. It is clearly revealed that
the crystal quality of the ZnO nanorods is considerably improved as
compared to the ZnO nanoflowers.
3.3. Gas sensing studies
The gas sensing properties of the ZnO nanostructures were studied
and employed at different operating temperatures i.e., 150 °C, 200 °C,
and 250 °C. These nanostructures responded to ethanol and nitrogen
dioxide. In contrast, no response towards benzene was obtained for ZnO
nanorods and a poor response was obtained for flower-like ZnO sensors.
Finally, carbon monoxide was not detected at any of the operating
temperatures tested. Fig. 7 shows the typical behavior of an n-type
semiconductor exposed to repeated response and recovery cycles of
increasingly concentrated reducing (ethanol) or oxidizing (nitrogen
dioxide) species. While exposures to ethanol (an electron donor) result
in a decrease in the resistance of the n-type material (Fig. 7a), exposures
to nitrogen dioxide (an electron acceptor) increase sensor resistance
(Fig. 7b). Baseline recovery is performed under pulses of pure dry air. It
has been found that recovery time was slightly longer for NO2 as
compared to organic compounds (Table S1).
ZnO flower-like structures were exposed to ethanol vapors at con-
centrations of 5, 10, 15, 20 ppm at different working temperatures. The
results are summarized in Fig. 8. When this nanomaterial is operated at
the lower temperatures tested of 150 °C and 200 °C, it shows a very
similar, moderate responsiveness. When the operating temperature is
raised to 250 °C, a nearly 5-fold increase in ethanol responsiveness is
observed for any of the concentrations tested. The behavior of ZnO
nanorods is very similar to the one displayed by flower-like structures,
however, nanorods show slightly lower responsiveness when operated
at 150 °C or 200 °C. When operated at 250 °C there is nearly an 8-fold
enhancement in ethanol responsiveness, closely matching one of the
flower-like structures. It can be concluded that there is no particular
difference in the ethanol sensing properties between the two
morphologies for any of the working temperatures tested.
Both nanomaterials were exposed to nitrogen dioxide at con-
centrations of 250, 500, 750, 1000 ppb at different working tempera-
tures. The results are summarized in Fig. 9. In contrast to what was
found for ethanol, sensor responses vary significantly depending on the
morphology of the gas sensitive nanomaterial. For instance, flower-like
Fig. 3. (a) TEM image, (b) corresponding HRTEM image, and (c) SAED pattern of an individual ZnO nanoflowers; (d) TEM image, (e) corresponding HRTEM image,
and (f) SAED pattern of individual ZnO nanorods.
Fig. 4. Schematic presentation of growth mechanism for flower-like structures.
S. Agarwal, et al. Sensors & Actuators: B. Chemical 292 (2019) 24–31
27
UNIVERSITAT ROVIRA I VIRGILI 
SYNTHESIS AND GAS SENSING PROPERTIES OF INORGANIC SEMICONDUCTING, p-n HETEROJUNCTION NANOMATERIALS 
Èric Navarrete Gatell 
ZnO displayed the highest responsiveness to nitrogen dioxide at 200 °C,
meanwhile 150 °C was the operating temperature at which the lowest
responsiveness was achieved (Fig. 9a). On the other hand, ZnO na-
norods displayed the highest responsiveness at 200 °C (yet, this was
lower than the one of nanoflowers) and its lowest response was ob-
tained at 250 °C (Fig. 9b).
The two types of ZnO nanomaterials were exposed towards benzene
vapors at 2.5, 5, 7.5 and 10 ppm. While flower-like ZnO was responsive
to benzene when operated at 250 °C (Fig. 10), ZnO nanorods were not
responding at any of the operating temperatures tested. Such a differ-
ence can be attributed to the significant differences in the morphology
of the two nanomaterials, in which nanoflowers may have a higher
surface area and higher amount of surface defects (where the benzene
molecule can be better adsorbed) than nanorods [45,46].
Cross-sensitivity effects are summarized in Fig. 11. It can be derived
that both nanoflowers or nanorods ZnO are suited to detect nitrogen
dioxide when operated at 200 °C, suffering small cross-sensitivity to
reducing species such as benzene or ethanol. Despite the fact that
ethanol can be detected effectively at 250 °C, ZnO nanomaterials suffer
from high cross-sensitivity to NO2.
Fig. 5. (a) UV–vis absorption spectra and (b) plot between (αhν) 2 versus
photon energy (hν) of ZnO nanoflowers and nanorods.
Fig. 6. Room-temperature emission spectra of the ZnO nanoflowers and na-
norods.
Fig. 7. Sensor resistance changes of two sensors employing ZnO nanorod or
nanoflower materials under exposure and recovery cycles to four increasing
concentrations of (a) ethanol and (b) nitrogen dioxide. Sensors are operated at
their optimal working temperatures for these target gaseous species (i.e., 250 °C
for ethanol and 200 °C for NO2).
Fig. 8. Temperature dependent sensing results for ethanol vapors for ZnO na-
noflowers and nanorods.
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Effect of humidity on sensor response was also examined and results
are presented in Fig. S3. In the ZnO nanoflowers, there is a decrease in
the overall sensor sensitivity when tested under humidity (i.e., a de-
crease in the slope of the curve while under humid conditions) as dis-
played in Fig. S3a. This can be attributed to the rough morphology
present in such structure, which enhances the number of water mole-
cules adsorbed due to a higher surface ratio. At the same time, this
increases the difficulty to desorb such molecules, preventing NO2 from
reaching the material surface and, thus, reacting with it. On the other
hand, ZnO nanorods have shown a higher crystallinity than nano-
flowers, thus having fewer defects and a smoother surface, easing
desorption of water molecules adsorbed on the surface. As a result,
nanorods exhibit a stable sensitivity (i.e. the slope for the curves shown
in Fig. S3b remains basically unchanged), when exposed to humidity,
and the response is of the same order of magnitude as for the one ob-
tained in dry air conditions. Furthermore, long term stability of sensors
was tested for a concentration of 1 ppm NO2. The exposure was done for
30min and the recovery step was done under 6 h of synthetic air. The
results revealed that despite the sensors were kept under storage the
response was almost the same for the nanoflower-like sensor and
slightly increased for the nanorod sensor (Fig. S4).
3.4. Gas sensing mechanism
Zinc oxide belongs to the n-type metal oxides family such as WO3,
In2O3 or SnO2. When such metal oxides are exposed to atmospheric
oxygen, this oxygen is adsorbed to its surface in different molecular or
atomic states depending on the temperature. When operating at 100 to
150 °C the dominating oxygen species are O2−, when the temperature is
raised from 150 up to 200 °C the dominant species are atomic O−
meanwhile further increase on the temperature would lead to the for-
mation of O2- [47]. Therefore, in this work, we presented different
Fig. 9. Sensing results obtained for NO2 operating at different working temperatures; (a) ZnO nanoflowers and (b) ZnO nanorods.
Fig. 10. ZnO nanoflowers response towards benzene vapors at different con-
centrations and operating temperatures.
Fig. 11. Sensor responsiveness at each working temperature at different concentrations tested; (a) nanoflowers sensors and (b) nanorods sensor. Response expressed
in means of Rair/Rgas for reducing species and Rgas/Rair for oxidizing species.
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working temperatures 150 °C, 200 °C and 250 °C at which different
oxygen species would be found at such temperatures as well as coexist
in the transition temperatures. When such oxygen species are chemi-
sorbed in the surface of the metal oxide, a new extrinsic surface ac-
ceptor states are created immobilizing conduction band electrons found
in the surface area, creating a depletion layer. These chemisorbed
oxygen species act as charge carriers, then, when a reducing (i. e.
ethanol, hydrogen, benzene) gas reacts it consumes the chemisorbed
oxygen extracting them from the surface. This changes the thickness of
the depletion layer as well as enhancing the conductivity of the material
leading to a decrease of the resistance. Such decrease on the resistance
could be correlated with the gas concentration present in the atmo-
sphere, moreover, when the metal oxide is exposed to a clean target
gas-free atmosphere, the recovery cycle, the oxygen species removed
are renewed again the surface conduction electron is immobilized thus
increasing the resistance of the material. All the above-described me-
chanism for the reducing gases is opposite to the mechanism occurring
when an oxidizing gas is present in the atmosphere (i.e. nitrogen di-
oxide, ozone). When the molecules of an oxidizing gas reach the surface
of the metal oxide these get adsorbed in the surface acting also as
surface-acceptors immobilizing more conducting electrons, thus in-
creasing the resistance of the material even further. When a cleaning
cycle is introduced, these chemisorbed species are removed from the
surface recovering the previous resistance values. The above-mentioned
mechanism is the reason why our sensors recover in a different way
when it is ethanol or NO2 [48].
Based on the responses obtained, these sensors operating at 200 °C
are suitable for the NO2 detection as little or no cross-sensitivity is
found at such temperature. The nitrogen dioxide sensing mechanism
can be attributed to the interaction between the oxygen species ad-
sorbed at the zinc oxide surface and the gas molecule. The interaction
between NO2 and such oxygen species has been already reported by
Kumar and coworkers [49], establishing the sensing mechanisms as the
following; the molecules of nitrogen dioxide present at the atmosphere
react with the adsorbed oxygen species present at the surface of the
ZnO, suffering a reduction due to the electron transference from the
conduction band of ZnO to the gas molecule. Such transfer is translated
as a broadening of the electron-depletion layer, which results in the
narrowing of the conduction channel thus lowering the conductivity of
the material. Han et al. [50] reported the comparison of two zinc oxide
nanoparticles groups with different structural defects, one having a
larger excess of interstitial oxygen and a second one presenting an ex-
cess of zinc, or oxygen deficient. The results showed that an excess of
zinc enhances chemisorption of atmospheric oxygen in the zinc oxide
surface thus enhancing the amount of available oxygen and subse-
quently enhancing the response obtained for the gas sensing tests.
Zhang et al. [46] also demonstrated that there is an increase in the
sensitivity of zinc oxide when its morphology is tuned to have a higher
surface area and subsequently increase the oxygen vacancies present in
the structure. When NO2 molecules present in the atmosphere get ad-
sorbed in the surface of the material the effect of immobilizing the
electrons from the conduction band has a higher impact in the material
rather than the reaction between the adsorbed oxygen with the, i. e.
ethanol. As ethanol requires from oxygen to react it is limited at some
extend to the amount of active oxygen present on the surface, mean-
while, NO2 has all the material surface available for absorption thus
having a greater impact on materials chemiresistive behavior.
4. Conclusions
Two kinds of ZnO nanostructures, flower-like ZnO nanostructures
and floral assembly of ZnO nanorods, were synthesized by a hydro-
thermal method in order to study the morphology-dependent gas sen-
sing properties. The different nanostructured ZnO materials synthesized
by the hydrothermal method have revealed to be a promising material
towards NO2 detection. Both morphologies have shown good sensitivity
towards NO2 at ppb level in comparison to the other gaseous species
tested, for which small response (case of ethanol) or no-response (case
of carbon monoxide), have been obtained at ppm level. Furthermore, it
has been observed a clear effect on the gas sensing properties due to the
different morphology obtaining the best results for the nanoflowers
shape sensor in comparison to the nanorods. This difference in the
sensitivity can be attributed to relatively higher surface area and
amount of surface defects in the nanoflowers in contrast to nanorods.
Such differences enable the adsorption of several times more target gas
molecules thus enhancing the response. It is clearly seen that at higher
concentrations the signal difference is almost 2 times between
morphologies supporting the idea that nanorods are saturated faster
than nanoflowers.
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An outstanding chemical synthesis route methodology is Chemical Vapor 
Deposition (CVD), a bottom-up technique. Chemical vapor deposition is widely 
used in the industry as wells as in laboratories to produce thin films on top of 
different substrates. Not only thin films but also a wide range of morphologies 
can be achieved by tailoring the substrate, design of precursors, adjusting 
temperatures or flows and by taking advantage of processes like self-assembly 
occurring in nanostructures. Chemical vapor deposition has three main parts; the 
volatilization of the organic precursors, their transfer to the reactor and the 
growth stage (Fig 4.). When growing metal oxide nanostructure through this 
methodology, organic precursors such as coordination compounds are mainly 
used.  
The main requirement to be a suitable precursor is presenting a low vapor 
pressure to be brought to gas phase. Furthermore, chemical vapor deposition 
reactors work under vacuum or ultra-high vacuum to ensure that the chemical 
compounds present inside the reactor are the ones generated by the precursor. 
Therefore, the main drawbacks of such methodology are mainly regarding the 
complexity of the equipment to create and maintain the vacuum and the finding 
of suitable precursors to be employed. In order to overcome these major 
drawbacks in this thesis, the Aerosol Assisted Chemical Vapor Deposition 
(AACVD) has been employed in order to obtain single crystalline semiconductor 
metal oxide nanomaterials, in particular tungsten trioxide nanowires. The 
aerosol assisted chemical vapor deposition is a methodology that operates under 
the same principles as traditional chemical vapor deposition, except that it works 
at atmospheric pressure and, therefore, the use of vacuum is avoided. In 
addition, the precursors are dissolved in organic solvents. Such solvents present 
low vapor pressure and through high frequency waves (via an ultrasonic 
generator) are easily brought into an aerosol mist which, in a further step, would 
be transferred from a flask towards the reactor employing a stream of an inert 
gas, i.e. nitrogen (N2) or argon (Ar). Employing the AACVD enables the usage of 
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a wide range precursors that have a high vapor pressure and are by no other 
means suitable to be used as precursors in traditional CVD. In figure 4 a 
schematic diagram of an AACVD system is shown. 
 
Figure 4. Schematic AACVD representation of the whole methodology set up. 
 
2.3. Heterojunction gas sensors  
As discussed before, SMOX present some drawbacks such as the issues regarding 
baseline stability and response time in the article “Using a second order…”. 
However, the more important drawback to be overcome is their lack of 
selectivity. As we explained before, the nanomaterials present oxygen adsorbed 
species at their surface and such species react in higher or lower proportion with 
the gases present in the environment of the sensors. Therefore, employing an 
active layer based on a single metal oxide for performing an analysis of a complex 
mixture of gases is extremely challenging due to the lack of selectivity 
experienced. There have been different approaches to overcome such drawback, 
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for instance applying filters to the system to constrain the interaction of the 
sensing layer with a specific target gas or, to a much more complex approach, the 
chemical/ electronic sensitization of the sensing layer. Chemical/ electronic 
sensitization consists of the enhancement of either the chemical interactions of 
the sensing layer with the gases in the environment or an enhancement on the 
electronic properties of the material.  Ideally, this sensitization is achieved for a 
very specific gas target of gas family, thus boosting selectivity. A suitable 
approach employed for achieving such sensitization effects has been the use of 
heterojunction semiconductor metal oxides [33][34][35].  
Achieving heterojunction nanomaterials consists of growing combined n-type 
and p-type semiconductor metal oxides. In the approach employed in this thesis, 
when combined, one of the materials is the host and has the higher percentage in 
weight and the other is the loading element, which has the lower percentage in 
weight (n-p heterojunction or p-n heterojunction). Three different scenarios 
could be distinguished when a heterojunction is formed: chemical sensitization, 
electronic sensitization and the combination of both. The most common host 
materials employed are n-type semiconductors such as SnO2, WO3, ZnO among 
others, loaded with nanoparticles from noble metals or noble metal oxides, i.e. 
gold (Au), Platinum (Pt), Palladium (Pd). In the first scenario a nanoparticle is 
placed on to the surface of the sensing layer (Fig. 5. a). This nanoparticle acts as 
a catalyst with a higher affinity towards a specific gas. For instance, the most 
common example is an n-type semiconductor loaded with palladium oxide 
nanoparticles for hydrogen sensing. When hydrogen molecules reach the 
palladium oxide nanoparticle surface, their get chemisorbed and subsequently 
split. Then, through a spill over mechanism, the hydrogen atoms start their 
migration towards the n-type part of the sensing layer surface and react with the 
oxygen species there present. Such chemical sensitization boosts dramatically the 
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sensor response towards hydrogen, leaving the response attributed to other 
gases almost negligible [36].  
On the other hand, an electronic sensitization occurs in the areas where the 
depletion zone from the n-type semiconductor is in contact with a p-type material 
(see Fig 5. b). Due to the nature of both semiconductors a flow of electrons is 
transferred from the n-type material towards the p-type material charging both 
and developing a depletion zone by creating potential wells. In the first place, the 
loading of an n-type host material with nanoparticles of a p-type material 
increases the overall resistance of a film in comparison to a film in which only 
pristine material were used. For example, the conduction channel of a tungsten 
oxide (n-type) nanowire is narrowed in the different areas were p-type 
nanoparticles are located due to the development of multiple depletion zones 
due to the mentioned migration of charges. Secondly, the p-type material 
nanoparticles become strongly charged and, therefore, can react in higher 
proportion to a specific gas from the sensor environment. When a chemical 
reaction takes place at the surface of the p-type material, the electrons released 
from such reaction flow back towards the n-type host, widening the conduction 
channel. For instance, when measuring different gases, a pristine sensor could 
produce a slightly stronger signal towards a gas and lower signals for others but, 
when electronically sensitized, the stronger signal is boosted meanwhile the 
weak signals remain not so affected. In the third scenario, a combination of 
chemical and electronic sensitization occurs for specific gases. 
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Figure 5. Schematic representation of an p-n heterojunction. Left; Chemical sensitization. Right; 
Electronic sensitization. 
The most studied materials as p-type loading semiconductors by far are noble 
metals for their outstanding properties as their chemical stability, chemical 
reactivity and thermal properties. Despite being suitable candidates to be 
employed, there are also expensive in comparison to most of the transition-
metals. Furthermore, transition-metals apart from being less expensive than 
noble metals, are interesting candidates to act as loading elements due to their 
higher reactivity. When synthetizing a new heterojunction with a transition metal 
it is important to perform a screening of different gases at different operating 
temperatures in order to determine the ability of such p-n heteromaterial to 
distinguish among gases. In this thesis, we presented tungsten trioxide 
nanowires loaded with nickel oxide, cobalt oxide or iridium oxide synthetized 
through aerosol assisted chemical vapor deposition in order to improve the 
response of the sensing layer towards hydrogen sulfide, ethanol and nitrogen 
dioxide respectively.  
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2.3.1 AACVD and gas sensing properties of nickel oxide 
nanoparticle decorated tungsten oxide nanowires 
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AACVD and gas sensing properties of nickel oxide
nanoparticle decorated tungsten oxide
nanowires†
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Here, we show that the aerosol assisted chemical vapor deposition process is suitable for growing single
crystalline tungsten oxide nanowires loaded with nickel oxide nanoparticles. This method allows
achieving of a wide range of nickel oxide loadings on tungsten oxide nanowires with high effectivity. It
also allows for the direct growth of these nanomaterials onto application substrates for developing
resistive metal oxide gas sensors. Different morphological and compositional analysis tools have been
employed for the characterization of the nanomaterials, finding that nickel oxide nanoparticles are
homogeneously distributed over the tungsten oxide nanowire surface. However, at high Ni loadings,
even though the size of the nanoparticles remains unchanged, they form agglomerates, especially at the
tips of tungsten nanowires. The gas sensing properties of the different nanomaterials grown towards
methane, ethanol, nitrogen dioxide and hydrogen sulfide have been studied. The optimized loading of
tungsten oxide with nickel oxide nanoparticles has a positive effect on increasing the sensitivity and
selectivity of the resulting nanomaterial to hydrogen sulfide, reaching a five-fold increase in the
response towards this species. This improvement is attributed to combined chemical and electronic
sensitization effects. Therefore, these nanomaterials show good potential for developing inexpensive
resistive sensors able to monitor the presence of hydrogen sulfide in the environment.
1. Introduction
The growth in worldwide industrial activity, the ever-growing
number of circulating cars and the associated increase in
energy demands are boosting global gas emissions.1 This is
becoming a serious threat to our environment and to human
health.2 As a result, there is a strong demand for developing
rugged, sensitive, selective and inexpensive detection systems
that could become ubiquitous for reliably monitoring air quality
(indoors and outdoors). Resistive metal oxide gas sensors have
been the object of sustained research efforts in the last few
decades, since they meet many of the requirements for integrating
inexpensive air-quality monitoring systems.3,4 Highly sensitive to
toxic and flammable gases, metal oxides can be mass-produced by
employing a wide range of synthesis routes.4,5 However, the lack of
selectivity and cross-sensitivity to ambient moisture remain the
most important drawbacks to be overcome.
Most research efforts have been directed towards the study
of n-type metal oxides such as SnO2, ZnO, In2O3 or WO3
because these are, generally, more sensitive than p-type metal
oxides.6–9 The loading of metal oxides with nanoparticles of metal
catalysts has been employed extensively both for enhancing
sensitivity and tuning the selectivity of gas sensors.10 Such
nanoparticles can induce chemical sensitization effects. For
example, by increasing the amount of reactive oxygen species
adsorbed on the surface of the semiconductor metal oxide
and/or by dissociating the target molecules and favoring their
reaction with oxygen adsorbates via spillover effects.11 More
recently, with the development of single-crystalline, nanostructured
metal oxides (e.g. nanorods, nanowires), the synthesis of n-type
metal oxide nanowires decorated with p-type metal oxide nano-
particles has been reported.12 In such a structure, multiple n–p
heterojunctions are formed at the nanoscale, which may lead to
important electronic sensitization effects.12,13 Upon the formation
of n–p heterojunctions, electrons are transferred from the n-type
metal oxide to the p-type nanoparticles and depletion zones
develop. When gaseous species adsorb onto nanoparticles, this
results in additional electronic charge transfer between the p-type
nanoparticles and the supporting n-type metal oxide, modifying
the width of depletion zones and dramatically altering the overall
electrical conductance of a film. Recently, we have developed two
a MINOS-EMaS, Universitat Rovira i Virgili, Avda. Paı̈sos Catalans, 26,
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examples of such an approach. In the first case, films of single-
crystalline, n-type tungsten oxide nanowires decorated with
p-type copper oxide were devised for the selective detection of
hydrogen sulfide. When in the presence of H2S, p-type copper
oxide becomes metallic copper sulfide by a mechanism of
oxygen–sulfur replacement. While p–n heterojunctions are
destroyed, a large number of electrons are released to the n-type
metal oxide nanowires and the conductivity of the film is highly
increased.14 In a second example, n-type tungsten oxide nano-
wires decorated with p-type palladium oxide were employed
for the selective detection of hydrogen. In this case, similarly
to the previously described situation, p-type palladium oxide
becomes metallic palladium hydride in the presence of
hydrogen at low operating temperatures.15 These sensors are
reversible because copper sulfide and palladium hydride again
become copper or palladium oxides when hydrogen sulfide
or hydrogen are removed from the sensor environment,
respectively.14,15
Late transition metals, such as the already mentioned copper
and palladium or platinum,16 oxidize to p-type metal oxides due
to normal operation during gas sensing. In that sense, it is
worth exploring the loading of n-type metal oxides with other
p-type, late transition metal oxide nanoparticles and studying
the implications on sensitivity and selectivity. This paper
addresses the loading of tungsten oxide nanowires with nickel
oxide (NiO) nanoparticles. NiO has been known to be a p-type
metal oxide for a long time, with a reported large work function
of 5.4 eV and an optical bandgap ranging from 3.6 to 4.0 eV.17
Its p-type character is attributed to the spontaneously formed Ni
vacancies.18 The use of NiO for gas sensing has been reported
already. For example, Kim and co-workers19 and Yoon and
co-workers20 employed Fe-doped, p-type NiO for detecting
100 ppm ethanol. Cho and co-workers reported Pt-doped, p-type
NiO nanotubes for detecting ethanol.21 Huo and co-workers reported
a high response of NiO nanowall arrays to hydrogen sulfide.22
Additionally, loading p-type NiO nanoparticles onto n-type
metal oxide structures has been shown to increase gas sensing
performance (e.g., by lowering response times or humidity
cross-sensitivity).23 NiO supported by ZnO structures has been
reported for detecting ammonia24 and nitrogen dioxide.25 NiO
combined with indium oxide26 or NiO supported onto tin oxide
nanofibers27 has been studied for detecting ammonia and
nitrogen dioxide, respectively. Nickel oxide supported by thin
or thick tungsten oxide films has been reported as well. Noh and
co-workers employed a sol–gel method to incorporate NiO into a
tungsten oxide matrix for developing a nitrogen dioxide sensor.28
Vuong and co-workers loaded a sputtering-deposited tungsten
oxide thin film with Ni2O3.
29 They grew via arc-discharge carbon
nanotubes on top of the tungsten oxide film employing Ni
as a catalyst, which was followed by a calcination process to
burn out the carbon nanotubes, leaving nickel oxide nano-
particles. These films were applied to the detection of ammonia
vapors. One of the problems associated with the use of high
temperatures during calcination steps is the formation of
NiWO4 species, which act as a charge barrier, decreasing sensor
performance.
Here, we report the growth and gas sensing properties
of NiO nanoparticles supported by tungsten oxide nanowires.
An aerosol assisted chemical vapor deposition (AACVD) method
is used, which is run at temperatures that avoid the formation
of NiWO4. This paper presents an in-depth characterization
of the morphology and chemical composition of the nano-
materials synthesized, and it addresses the effects of NiO
loading on their gas sensing properties. It explores the selectivity
and cross-sensitivity to ambient moisture and discusses gas
sensing mechanisms, with special emphasis on the detection of
hydrogen sulfide. To the best of our knowledge, the loading of
tungsten oxide nanowires with nickel oxide nanoparticles for
sensing hydrogen sulfide has been reported only once before.
This was a conference paper in which we presented very pre-
liminary and incomplete results.30 In this preliminary work, the
nickel oxide loading was not optimized. Despite the fact that the
amount of precursors used was high, the synthesis methodology
employed allowed only for a rather inhomogeneous and low
concentration loading of nickel oxide nanoparticles on tungsten
oxide nanowires. This resulted in nanomaterials with a signifi-
cantly lower hydrogen sulfide response than the ones reported
here (about four times lower). In addition, the effect of ambient
moisture on sensor response was not studied, in contrast to what
is reported here.
A significant amount of research has been conducted on
metal oxide hydrogen sulfide sensors. Zhang and co-workers
described the use of Pt-doped, a-Fe2O3 nanoparticles
31 while
Zheng and co-workers studied a-Fe2O3 nanochains
32 or
nanoparticles33 for developing chemoresistive hydrogen sulfide
sensors. Iron oxide is a good candidate for detecting H2S because
it has been widely employed as a catalyst in the oxidation of
hydrogen sulfide in desulfurization processes.34 However, one of
the main drawbacks for these nanomaterials is their strong cross-
sensitivity towards ethanol. Yu and co-workers suggested using
NiFe2O4 and obtained a high response towards low concentrations
of H2S. However, their sensor displayed important cross-sensitivity
to hydrogen.35 Kapse and co-workers introduced a spinel
(Ni0.6Zn0.4Fe2O4) displaying a good response towards H2S, but
this material also presented a significant cross-sensitivity towards
ethanol, propane, butane and ammonia.36 Many reports can
be found in the literature about employing nano-sized CuO
supported on different n-type metal oxides such as SnO2,
37
ZnO38 or WO3.
14 The transformation of CuO, a p-type semi-
conductor, into CuS, which shows metallic characteristics,
upon exposure to H2S is the reason for the high H2S responses
observed.14,37 However, CuO supported on SnO2, ZnO or WO3
shows important hydrogen cross-sensitivity. Furthermore, CuO–ZnO
exhibits a cross-sensitivity towards methane too and CuO–WO3
sensors suffer from additional cross-sensitivity towards nitrogen
dioxide. Finally, an exception is made in the case of CuO–WO3,
14
and no data are available on the cross-sensitivity to ambient
moisture for the above-discussed materials. Table 1 summarizes
the main characteristics of recently reported metal oxide nano-
materials and their performance in the detection of hydrogen
sulfide. The interested reader is referred to a recent paper39 on
hydrogen sulfide sensors for a more comprehensive review.
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2. Experimental
2.1. Material synthesis
Pure and Ni-decorated forests of tungsten oxide nanowires were
grown by aerosol assisted chemical vapor deposition (AACVD).
Tungsten hexacarbonyl (W(CO)6) of 97% purity and nickel(II)
acetylacetonate (Ni(acac)2) of 95% purity, both from Sigma-
Aldrich, were used without further purification for obtaining
tungsten oxide and nickel oxide nanoparticles, respectively. Two
approaches, i.e. single-step or two-step growth, were considered
for the synthesis of the nanomaterials. At first, a single step
growth was implemented. In this strategy, W(CO)6 and Ni(acac)2
are dissolved in a mixture of acetone and methanol and the
AACVD process is run to obtain Ni-decorated tungsten oxide
nanowires. Despite our efforts in optimizing the acetone/methanol
ratio and deposition temperature (these two parameters have a
strong influence on the morphology of the resulting nano-
materials), this one-step approach failed to produce homogeneously
decorated tungsten oxide nanowires with a wide enough range of Ni
loadings (see the ESI†). In the second approach, at first, pure
tungsten oxide nanowires are grown via AACVD. Then, a second
AACVD process is conducted to decorate some of the previously
grown tungsten oxide nanowire samples with nickel oxide
nanoparticles. Employing this two-step approach, samples of
tungsten oxide nanowires with four different levels of Ni loading
were obtained.
When growing the pure tungsten oxide nanowires, the
precursor solution was prepared by dissolving 50 mg of tungsten
hexacarbonyl in an acetone : methanol (ratio 3 : 1) mixture. This
solution was placed under ultra-sonication to form an aerosol,
which was input to the reactor chamber using a 0.5 L min1
nitrogen flow. The reactor was kept at 400 1C during the whole
deposition process, which lasted until the total consumption of
the precursor solution. The deposition took place, via a shadow
mask, onto the electrode area (2.5  2.5 mm2) of commercially
available alumina transducers (Ceram Tech GmBH, Plochingen,
Germany). Transducers consist of a pair of Pt interdigitated
electrodes (front side) with an electrode gap of 300 mm, and a
Pt heating resistor (back side). As-deposited tungsten oxide
nanowire films display a dark-blue color, which is due to tung-
sten oxide being sub-stoichiometric and to carbon residues from
the precursors and solvents used. Coated transducers were then
placed inside a muffle to undergo an annealing treatment at
500 1C under a flow of pure dry air. Annealed samples display a
pale-yellow color, indicating that most of the carbon contamination
has been removed and tungsten oxide is close to stoichiometric. For
those samples in which tungsten oxide was loaded with different
amounts of Ni, a second AACVD process was conducted. For
achieving 4 different levels of Ni loading, in this second step, four
methanol solutions having different Ni(acac)2 concentrations (i.e.,
2.5, 5, 10 and 15 mg of nickel precursor dissolved in 10 mL of
methanol) were used. Nitrogen flow and deposition temperature
were identical to the ones employed during the first step. A second
annealing process was performed as well employing the same
conditions described above.
The crystalline phase, morphology and chemical composition
of the different nanomaterials grown on transducer substrates
were investigated employing X-ray diffraction (XRD), scanning
electron microscopy (SEM), high-resolution electron transmission
microscopy (HR-TEM), energy-dispersive X-ray (EDX) spectroscopy
and X-ray photoelectron spectroscopy (XPS). XRD was performed
employing a Bruker-AXS D8-Discover diffractometer with a parallel








Selectivity (not affected by, unless otherwise
indicated) Ref.
a-Fe2O3 nanochains 285 1C 20 (100 ppm)
a 1–100 ppm 8.6 s NAc 32
a-Fe2O3 nanoparticles 300 1C 5 (10 ppm)
a 0.05–100 ppm 30 s NAc 33
Pt-doped a-Fe2O3 film 160 1C 330 (100 ppm)
a 10–1000 ppm 41 min Ethane, carbon monoxide, significant
cross-sensitivity to ethanol and ammonia.
Effect of ambient moisture not available.
31
NiFe2O4 300 1C 35.8 (5 ppm)
a 5–200 ppm 15 s Liquefied petroleum gas, methane, carbon
monoxide, butane, significant cross-sensitivity
to hydrogen. Effect of ambient moisture not
available.
35
Ni0.6Zn0.4Fe2O4 225 1C 0.8 (50 ppm)
b NAc 10 s Significant cross-sensitivity to ethanol, liquefied
petroleum gas, ammonia. Effect of ambient
moisture not available.
36
CuO–SnO2 150 1C 0.81 (1000 ppm)
b 200–2500 ppm 53 s Hydrogen, carbon monoxide, liquefied
petroleum gas, sulfur dioxide. Effect of ambient
moisture not available. Response saturates for
H2S concentrations higher than 1500 ppm.
37
CuO–ZnO 200 1C 83.5 (5 ppm)a 5–100 ppm 572 s Carbon monoxide, ammonia, hydrogen,
methane. Effect of ambient moisture not
available.
38
Copper oxides–WO3 390 1C 26 (5 ppm)
a 0.3–5 ppm 2 s Hydrogen, carbon monoxide, ammonia,
benzene, nitrogen dioxide. Resilient to changes




250 8C 13 (50 ppm)a 5–50 ppm 88 s No significant cross-sensitivity. 30% R.H.




b (Rair  Rgas)/Rair. c NA: not available.
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incident beam. Scanning electron microscopy images were
acquired using a SU8020 Microscope from Hitachi and a JEOL
7600F field emission SEM. The image resolution was set to
512  384 pixels while the corresponding map resolution was
set to 128  96 pixels, meaning a pixel size of 0.01 mm in the
image and 0.05 mm in the map. EDX spectra were acquired
using a microanalysis tool from Oxford Instruments. HRTEM
characterization of the samples was performed on a Jeol 2100
microscope, working at 200 kV. XPS was conducted using a
VERSAPROBE PHI 5000 from Physical Electronics, equipped
with a monochromatic Al Ka X-ray source. The X-ray photo-
electron spectra were collected at the take-off angle of 451 with
respect to the electron energy analyzer operated in the CAE
(constant analyzer energy) mode. For the compensation of
built-up charge on the sample surface during the measurements,
a dual beam charge neutralization composed of an electron gun
(E1 eV) and an Ar ion gun (r10 eV) was used. Binding energies
are all referenced to the C1s peak at 284.6 eV.
2.2. Gas sensing experiments
The gas sensing properties of the different nanomaterials were
investigated. In particular, the main objective was to study how
different levels of Ni loading affected the gas sensing properties
of tungsten oxide nanowires. For doing so, AACVD-grown, pure
tungsten oxide and Ni-loaded tungsten oxide nanowire sensors
were placed inside an inert, airtight Teflons chamber. Calibrated
gas bottles of ethanol, methane, hydrogen sulfide and nitrogen
dioxide balanced in air were employed. The carrier gas was zero-
grade dry air. A computer-driven, automated mass-flow control
system was employed to deliver reproducible concentrations of
the different gases and vapors tested to the sensor chamber. The
concentrations measured were 5, 10, 15 and 20 ppm for ethanol
and methane; 10, 15, 25 and 50 ppm for hydrogen sulfide and
10 ppm for nitrogen dioxide. The baseline of the sensors was
recovered under dry air. A 100 mL min1 constant flow was input
to the gas sensor chamber. During experiments, the dc electrical
resistance of the sensors was monitored, acquired and stored
employing a Keysight 3972A data acquisition system. The heating
resistors of the sensors were driven by an Agilent U8001A power
supply to set the operating temperature. Operating temperatures
were set at 150, 200 and 250 1C. Achieving good sensing performance
at low–moderate operating temperatures is essential to reduce power
consumption. A liquid mass flow was employed as well in some
specific measurements to humidify the gas flow and analyze the
effect of moisture cross-sensitivity.
3. Results and discussion
3.1. Initial assessment of gas sensing properties
An initial screening of gas sensing properties was conducted to
determine whether it was worth studying in depth all four levels
of Ni loading. The responses to different concentrations of
hydrogen sulfide, ethanol and nitrogen dioxide were measured
for pristine and the Ni-loaded samples. Sensor response was
defined as Rair/Rgas for reducing species and Rgas/Rair for oxidizing
species, where Rair is the resistance of the sensor in pure air (i.e.,
baseline resistance) and Rgas is the resistance of the sensor
exposed to a given gas or vapor. Fig. 1 shows the dynamic
response and recovery for the different nanomaterials and
species tested. For ease of comparison, the responses of each
sensor appear normalized (i.e. for each sensor, the instantaneous
resistance is divided by its initial baseline resistance value). Two
main conclusions can be derived from these results. Some levels
of Ni loading result in higher responses to the different species
tested than those observed for pristine tungsten oxide. The
higher levels of Ni loading, i.e., those achieved employing 10
and 15 mg of nickel precursor during the AACVD process,
resulted in decreased responsiveness. In metal oxide gas sensors,
it is well known that too high a level of metal loading results in
decreased responsiveness.5
Considering these results, from now on, the high levels of Ni
loading are no longer studied. Only samples consisting of pure
tungsten oxide and Ni loaded samples obtained employing
2.5 and 5 mg of nickel precursor are discussed. These samples
are labelled as WO3, Ni/LC and Ni/HC, respectively.
3.2. Material characterization
An XRD study was performed to obtain the crystallographic
structure of the pure and Ni-loaded WO3 nanowires. No reflection
peaks due to the presence of Ni were observed in the Ni/LC or
Ni/HC samples. This is generally the case for AACDV grown,
metal loaded tungsten oxide nanowires.14–16 These results are
summarized in Fig. 2. The diffraction pattern of the pure WO3
nanowire sample corresponds to the monoclinic structure of
WO3 (space group P2/m, JPCDS 73-2177), while diffraction
patterns of both Ni-loaded samples (Ni/LC and Ni/HC) corre-
spond to the triclinic structure of WO3 (space group P%1, JPCDS
73-0305). These differences are attributed to the fact that pure
tungsten oxide samples undergo only one annealing step after
the AACVD growth. In contrast, the Ni-loaded samples undergo
a second annealing step, which is run after the second AACVD
process used to load pure tungsten oxide with Ni.
Fig. 3 shows the SEM micrographs for pure (Fig. 3 left panel)
and for Ni-loaded (Fig. 3 right panel) tungsten oxide films. Both
films show a similar morphology consisting of a carpet of
randomly oriented nanowires. The length of the nanowires
typically ranges between 4 and 12 mm and their diameter ranges
from 60 to 150 nm. Some dendritic, flower-like structures are
visible for both pure and Ni-loaded samples in the higher
magnification insets in Fig. 3. These structures are more apparent
in the Ni-loaded samples. Fig. 4 shows a higher magnification SEM
micrograph taken from a Ni-loaded sample (Ni/HC). This micro-
graph shows that tungsten oxide nanowires are decorated with
small nanoparticles. At the tip of the nanowires, these particles
form bigger agglomerates in broccoli-shaped structures. EDX
(see the ESI†) spectroscopy confirms the presence of Ni in the
Ni-loaded samples.
SEM and TEM micrographs of the Li/LC sample shown in
Fig. 5 reveal that the tips of the WO3 nanowires are covered with
particles. Similar results were observed for the Ni/HC sample
(Fig. 4), however, the size of the particles and their amount are
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significantly lower than in the case of the Ni/HC sample. This
agrees well with the fact that for the coverage of the WO3
nanowires for the Ni/LC sample, a lower concentration of
the nickel precursor was used. From the inset in the TEM
micrograph, it is evident that particles observed at the surface
are actually agglomerates composed of nanoparticles with
diameters up to 2 nm. Nanoparticles appear to be amorphous
and therefore the presence of Ni was only proved through EDX
analysis (see the ESI†) and its chemical nature was studied with
XPS (results are discussed later). In addition, WO3 nanowires in
both Ni-loaded samples are crystalline (see the ESI†); clear
lattice fringes of 0.39 nm were observed, corresponding to the
interplanar spacing of (002) planes in WO3 with a triclinic
structure (JPCDS 71-0305), thus agreeing with the results of
XRD analysis (Fig. 2).
XPS was used for elemental and chemical analysis of the
Ni-loaded, nanostructured active layers. Fig. 6a shows the
typical survey spectrum recorded on the Ni doped samples
in the range of 0–950 eV binding energy. In addition to the
Fig. 2 Typical XRD patterns recorded on a pure tungsten oxide nanowire
film, W2.72 P2/m (upper panel) and a Ni-loaded tungsten oxide nanowire
film, WO3 P%1 (lower panel) (Ni/LC). Pure tungsten oxide samples have
undergone one annealing step only and show a monoclinic structure.
Ni-Loaded tungsten oxide samples have undergone two annealing steps
and show a triclinic structure.
Fig. 3 Typical ESEM micrographs for pure tungsten oxide nanowire films
(left panel) and for Ni-loaded tungsten oxide nanowire films (right panel)
(Ni/HC). The insets show that flower-like nanostructures appear in both
types of samples, however these are more visible in the Ni-loaded
samples. Ni loaded tungsten oxide nanowires were grown employing
the two-step AACVD procedure.
Fig. 1 Normalized dynamic response and recovery cycles of sensors that correspond to the full range of Ni loading levels. Sensors were operated at
200 1C. The different panels correspond to H2S (upper left), ethanol (upper right) and NO2 (lower).
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expected characteristic peaks related to the photoelectrons
emitted from tungsten and oxygen atoms, we can observe the
presence of peaks related to the presence of nickel and carbon.
The adventitious carbon contamination due to exposure to the
atmosphere is used as a charge reference, the C–C peak at
284.6 eV. Fig. 6b shows the W 4f XP spectrum recorded on the
Ni/HC sample and its fitting analysis; the spectrum was fitted
using two doublets, a singlet and the Shirley background. The
components centered at 41.2 eV, 37.6 and 35.5 eV are generated
by photoelectrons emitted from the W 5p3/2, W 4f5/2 and W 4f7/2
core level states, respectively, in stoichiometric WO3 (oxidation
state 6+).40 In stoichiometric WO3, the W ions have their 5d
shell empty, i.e., there are no cation d-electrons available to be
transferred to adsorbates. The second W 4f doublet, at 36.4 eV
and 34.1 eV corresponding to W 4f5/2 and W 4f7/2 core
level states, was associated with photoelectrons emitted from
tungsten atoms near oxygen vacancies VO.41 In this case, the
d-electron orbitals on adjacent cations are partially occupied.
These reduced cations provide active sites for chemisorption
and catalytic activity, i.e., influencing the gas-sensing activity of
the films.42 From the area ratio of the components used to fit
the W 4f peak, we evaluated that nearly 3.5% of the tungsten
atoms are near oxygen vacancies, thus contributing to gas
detection.
In order to increase the sensing activity of WO3, Ni atoms
were added. Inspecting the typical XPS spectrum recorded
before sensing, we observe the presence of peaks that can be
associated with photoelectrons emitted from Ni, W, carbon and
oxygen atoms (Fig. 6a). The relative concentration of elements
is shown in Table 2. The low intensity component in the 4f W
peak suggests that the WO3 is slightly reduced (Fig. 6b). The
XPS spectrum of the Ni 2p3/2 peak clearly demonstrates that
NiO (Ni2+, 854.7 eV), Ni2O3 (Ni
3+, 855.8 eV) and metallic (Ni0,
853.1 eV) phases coexist. After sensing, we observed the
presence of sulfur atoms at the sample surface; the XPS sulfur
spectra recorded on the samples confirm the formation of Ni–S
in the form of NixSx and NixSxOx.
3.3. Gas sensing properties
The sensors were tested with several concentrations of methane,
ethanol, nitrogen dioxide and hydrogen sulfide balanced in pure
dry air. Three different operating temperatures were considered,
i.e. 150 1C, 200 1C and 250 1C. Lower operating temperatures were
not considered because these often resulted in increased
response times. Higher operating temperatures were not
considered either, because these significantly increased power
consumption. The detection of reducing species involves the
interaction with oxygen adsorbed on the surface of the metal
oxides, and the nature of surface oxygen species heavily depends
on temperature.5 At operating temperatures below 150 1C,
adsorbed molecular oxygen is the dominant species (O2
) and
for temperatures ranging between 150 1C and 400 1C, O is the
dominant species. In addition, target gas molecules are adsorbed
on metal oxides, then diffuse and react with oxygen adsorbates.
These adsorption and diffusion processes are also affected by
temperature. While increasing the operating temperature helps
to increase the number of adsorbed oxygen species, when
temperature becomes higher than a certain threshold, it causes
difficulties in the adsorption of the gas molecules to be detected.
This is why response–temperature curves show a volcano shape
and there is an optimal operating temperature for detecting a
given species.5
3.3.1. Methane results. The sensors were tested under a
flow of methane at concentrations that ranged from 5 to 20 ppm.
The response towards methane of the tungsten oxide based
sensors was small. When operated at 150 1C, sensors showed
no response to methane. Methane response slightly increased
with operating temperature. Fig. 7 summarizes these results. It
was necessary to operate the sensors at 250 1C to obtain reliable
results. Pure tungsten oxide shows a very small response to
methane. Loading with Ni results in a slightly increased response
and the lower level of Ni loading results in the highest response
enhancement towards methane.
3.3.2. Ethanol results. Sensors were exposed to ethanol
vapors at concentrations of 5, 10, 15 and 20 ppm balanced in
dry air. The results of ethanol detection are summarized in
Fig. 8. When sensors are operated at 150 1C, pure tungsten
oxide shows a better ethanol responsiveness than Ni-loaded
tungsten oxide. In contrast, when the operating temperature
is raised, Ni-loaded tungsten oxide samples show a higher
responsiveness to ethanol vapors than pure tungsten oxide.
In this case, the higher Ni loading level results in the highest
increase in response. However, ethanol sensitivity, i.e. the slope
of the curves shown in Fig. 8, is very similar for pure tungsten
Fig. 4 SEM micrographs of the Ni/HC sample. A micrograph was taken at
higher magnification for an area previously shown in the right panel of
Fig. 3. Few-nanometer sized nanoparticles appear decorating the surface
of the tungsten oxide nanowires. Bigger agglomerates of such nano-
particles appear at the tips of the nanowires (see the inset).
Fig. 5 SEM (left) and TEM (right) micrographs obtained from the Ni/LC
sample. The inset in the TEM image is an enlargement of the area
indicated.
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oxide operated at 150 1C (best sensitivity for pure WO3) and for
Ni-loaded tungsten oxide operated at 250 1C (best sensitivity for
Ni-loaded WO3). It can be concluded, therefore, that Ni loading
is not clearly advantageous for increasing ethanol sensitivity.
3.3.3. Nitrogen dioxide results. In order to analyze the
response of the different materials towards oxidizing species,
the response towards NO2 was studied. In this case, a single
concentration of 10 ppm was measured at the three different
operating temperatures. Results are shown in Fig. 9. The
loading of tungsten oxide with Ni results in an increased
nitrogen dioxide responsiveness. For both pure WO3 and
Ni-loaded tungsten oxide (lower Ni concentration), the best
response was obtained at a lower operating temperature. In the
case of Ni-loaded tungsten oxide (higher Ni concentration),
200 1C was the best operating temperature for detecting nitrogen
dioxide. In fact, highly loaded Ni–WO3 operated at 200 1C
resulted in the highest response value for NO2.
3.3.4. Hydrogen sulfide results. The responses towards
different concentrations of hydrogen sulfide that ranged between
10 and 50 ppm in a balance of pure dry air were measured. When
operated at 150 1C, the loading of the sensing layer with Ni has
negative effects on sensor response, because lower responses
towards hydrogen sulfide were recorded for Ni-loaded tungsten
oxide than for the pure WO3 samples. As the operating temperature
increases, this behavior is gradually reversed and the response
towards hydrogen sulfide is significantly increased for the
Ni-loaded samples in comparison to pure tungsten oxide. Highly
loaded Ni–WO3 samples show the highest responsiveness
towards hydrogen sulfide when operated at 250 1C with the
Ni/HC sensor. A 5-fold increase in responsiveness is obtained.
These results are summarized in Fig. 10.
In the detection of hydrogen sulfide, the loading of tungsten
oxide nanowires with nickel oxide nanoparticles is clearly
beneficial, since it significantly increases the response. Further
details on the influence of the amount of nickel oxide loading
on hydrogen sulfide response can be found in the ESI.† This is
Fig. 6 (a) XPS spectrum of WO3:Ni/HC; (b) W 4F XPS spectra of the sample WO3:Ni/HC; (c) Ni 2P XP spectrum (WO3:Ni/HC); (d) fitting of sulfur peaks
showing Ni–S in the form of NixSx and NixSxOx.
Table 2 Sensing layer average composition in atomic percentage
(atom%) before gas exposure, as obtained from the XPS analysis
W O Ni
Ni/LC 17.5 72.0 10.5
Ni/HC 20.0 65.0 15.0
WO3 25.0 75.0 0
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summarized in Fig. 11, which confirms that the nickel oxide
loading of tungsten oxide enhances the response and selectivity
towards hydrogen sulfide. For better establishing the degree
of selectivity towards hydrogen sulfide, it would have been
optimal to measure mixtures of H2S with interfering species
such as methane, ethanol or nitrogen dioxide. However, the
important differences in response intensity shown in Fig. 11
(i.e., high response to hydrogen sulfide and low responses to
the other species tested) clearly indicate that the NiO-loaded
sensor is reasonably selective towards H2S. In addition, the
response time of this sensor to hydrogen sulfide is about 88 s,
which compares favorably to its response times to the other
species tested (further details can be found in the ESI†).
3.3.5. Effect of ambient humidity on the response towards
hydrogen sulfide. So far, the analysis of the gas sensing properties
has been conducted under dry conditions. However, to better
simulate the normal working conditions of the sensors in a real
application, the effect of ambient humidity needs to be considered
as well. Therefore, hydrogen sulfide diluted in humid air was
measured in order to study humidity cross-sensitivity in Ni-loaded
tungsten oxide nanowire sensors. The results obtained (see Fig. 12)
show that the presence of ambient moisture increases the intensity
of the sensor response for low hydrogen sulfide concentrations
(i.e. r25 ppm). However, at higher hydrogen sulfide concentrations
(e.g. 50 ppm), the response decreases in the presence of moisture.
This response saturation results in a loss of sensitivity. However, in
a real application, hydrogen sulfide should be measured in the units
of ppm range rather than in the tens of ppm range. For example, the
Association Advancing Occupational and Environmental Health
recommends a threshold limit value (TLV) of 1 ppm as an 8-hour
time weighted average (TWA) and a short-term exposure limit
(STEL) of 5 ppm for hydrogen sulfide.43 These concentrations
Fig. 7 CH4 detection results for the different sensors operated at 200 1C
(upper panel) and 250 1C (lower panel). When operated at 150 1C (not
shown), the sensors showed no response towards methane.
Fig. 8 Ethanol detection results for the different sensors operated at
150 1C (upper panel), 200 1C (middle panel) and 250 1C (lower panel).
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would be easily detectable by the Ni-loaded sensor under
humid conditions.
It has been reported that in p-type metal oxide nanoparticles
supported on n-type metal oxide surfaces, when ambient
humidity is present, the host n-type substrate remains drier
due to the higher affinity between the p-type metal oxide (i.e.,
nickel oxide) and water molecules.44,45 At normal operating
temperatures, dissociative adsorption of water molecules takes
place, resulting in the formation of hydroxyl groups8 at the
surface of nickel oxide nanoparticles and, to a lesser extent, at
the surface of tungsten oxide nanowires. The competitive
reaction with surface oxygen species of hydrogen sulfide and
water molecules could explain the overall decrease in sensitivity
caused by the presence of ambient moisture. However, the
interaction of hydrogen sulfide with hydroxyl groups and sub-
sequent relaxation of the space charge zone at the p–n inter-
faces resulting in electronic charge transfer towards the tungsten
oxide nanowires could explain the higher responses recorded for
low hydrogen sulfide concentrations.
3.4 Hydrogen sulfide detection mechanism
The hydrogen sulfide sensing mechanism of the Ni-loaded
tungsten oxide nanowires is temperature dependent, as the










 2 2O(ads) (150–400 1C)
O(ads) + e
 2 O2(ads) (4400 1C)
Based on the results observed, one reaction that governs
the process of the detection of H2S consists of an oxidation
process that consumes adsorbed surface species and results in
the generation of free electronic charge. This process is as
follows:
2H2S + 3O2
 - 2SO2 + 2H2O + 3e

which holds when the operating temperature is 150 1C and
surface oxygen species consist basically of adsorbed molecular
oxygen. Alternatively,
H2S + 3O
 - SO2 + H2O + 3e

which holds when the operating temperature is 200 1C or
250 1C.
Additionally, another sensing mechanism derived from an
electronic sensitization effect caused by the presence of p-type
NiO nanoparticles has to be taken into account as well. This
mechanism consists of the sulfurization of NiO into NixSx when
Fig. 9 NO2 sensing results for the different materials studied as a function
of the sensor operating temperature.
Fig. 10 Hydrogen sulfide detection results for the different sensors
operated at 150 1C (upper panel), 200 1C (middle panel) and 250 1C (lower
panel).
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the surface of the Ni-loaded tungsten oxide nanowire film is
exposed to hydrogen sulfide:
NiO(s) + H2S(g) - NiS(s) + H2O(g)
As a result of this sulfurization process, the p–n heterojunctions
are destroyed and the overall electrical conductivity of the gas-
sensitive film is increased. However, a recovery process is also
proposed to regenerate the nickel oxide nanoparticles when
hydrogen sulfide is removed from the sensor environment:47
3NiS(g) + 2H
+
(aq) - Ni3S2(s) + H2S(g)
Ni3S2(s) + 7/2O2(g) - 3NiO(s) + 2SO2(g)
Ni3S2(s) + 9/2O2(g) - 2NiSO4(s) + NiO(s)
However, this recovery may only be partial as XPS analysis
confirms the presence of NixSx and NixSxOx species on the
surface of used sensors. Further details can be found in the
ESI.† This sulfurization mechanism that destroys the p–n
heterojunctions upon the exposure of NiO-loaded tungsten
oxide nanowires to hydrogen sulfide explains the higher response
observed for this species than for methane, ethanol or nitrogen
dioxide and thus explains the selectivity achieved.
4. Conclusions
An AACVD process has been employed to grow Ni loaded
tungsten oxide nanowires employing tungsten hexacarbonyl
and Ni(II) acetylacetonate as precursors. A two-step strategy is
needed in which pure tungsten oxide nanowires are grown at
first, and these are loaded with Ni-containing nanoparticles in
the second step. This ensures that a wide range of metal
loading can be achieved with high efficiency. HR-TEM analysis
has shown that tungsten oxide nanowires are single crystalline
and that Ni-containing nanoparticles are about 2 nm in diameter.
In general, Ni nanoparticles are homogeneously distributed over
the tungsten oxide nanowire surface. At high Ni loadings, the size
of the nanoparticles remains unchanged, however they show a
tendency to form agglomerates, especially at the tips of the
tungsten nanowires. XPS analysis has revealed that nanoparticles
consist of nickel oxides.
The gas sensing properties of the different nanomaterials
grown have been studied. The loading of tungsten oxide with
nickel oxide nanoparticles has a positive effect, increasing the
sensitivity and selectivity of the resulting nanomaterial to
hydrogen sulfide (e.g. it shows a poor response towards methane
and a low response towards ethanol or nitrogen dioxide). A five-
fold increase in the response towards hydrogen sulfide has been
measured upon nickel oxide loading. This improvement can be
attributed to a chemical sensitization effect in which the nickel
oxide nanoparticles increase the amount of adsorbed, reactive
surface species, combined with an electronic sensitization effect
in which p-type nickel oxide nanoparticles become metallic
NixSx upon exposure to hydrogen sulfide. Furthermore, Ni-loaded
tungsten oxide nanowire sensors show enough responsiveness in
the units of ppm range of hydrogen sulfide concentrations, even in
the presence of humidity. Therefore, this nanomaterial possesses
outstanding characteristics that clearly outperform other state-of-
the-art materials, showing good potential for the development of
resistive sensors able to monitor the presence of hydrogen sulfide in
the environment under real application conditions.
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45 K. Choi, M. Hübner, A. Haensch, H. Kim, U. Weimar,
N. Barsan and J. Lee, Ambivalent effect of Ni loading on gas
sensing performance in SnO2 based gas sensor, Sens. Actuators,
B, 2013, 183, 401–410, DOI: 10.1016/j.snb.2013.04.007.
46 D. V. Ahire, G. E. Patil, D. D. Kajale, V. B. Gaikwad and G. H. Jain,
Nanostructured Nickel Oxide by Hydrothermal Route for Gas
Sensing Applications, Sensing Technology: Current Status and
Future Trends I, Smart Sensors, Measurement and Instrumentation,
vol. 7, pp. 181–193, 2014, DOI: 10.1007/978-3-319-02318-2_10.
47 A. T. Atimtay and D. P. Harrison, Desulfurization of Hot Coal
Gas, 2013, Springer Berlin, Berlin.
















































UNIVERSITAT ROVIRA I VIRGILI 
SYNTHESIS AND GAS SENSING PROPERTIES OF INORGANIC SEMICONDUCTING, p-n HETEROJUNCTION NANOMATERIALS 











2.3.2 WO3 nanowires loaded with cobalt oxide nanoparticles, 
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A B S T R A C T
A two-step procedure was implemented to obtain tungsten oxide nanowires (WO3) doped with cobalt oxide
nanoparticles employing W(CO)6 and the metal-organic precursor Co(acac)2. In the first step, tungsten oxide
nanowires were grown at 400 °C using an aerosol assisted chemical vapor deposition system (AA-CVD) and
subsequently annealed at 500 ºC for 2 h in dry air. Then, cobalt oxide loading (at different dose levels) of the
nanowires was performed via a second AA-CVD process. These hybrid nanomaterials were grown on top of
commercial alumina substrates that comprised interdigitated electrodes and a heating element. The response of
these nanomaterials toward H2S, ethanol H2 and ammonia is investigated and discussed. Co-loaded tungsten
oxide is well suited for detecting ammonia under dry conditions and hydrogen sulfide in humid environments.
1. Introduction
Air quality monitoring both indoor and outdoor have become a
major issue nowadays due to the global industrial growth and the rise of
emissions of harmful gases, such as NO2, H2S, or VOCs, which, at high
enough concentrations, represent a threat to the environment and
human health [1]. Major efforts have been employed for developing
new gas sensors with the ability to monitor such gases at low con-
centrations. Nowadays there are different types of sensor technologies
that may possess, at least in part, the requirements to perform a
widespread monitoring of harmful gases and vapors. These comprise
calorimetric, electrochemical, photoionization detectors (PID) or metal
oxide semiconductor gas sensors [2]. Metal oxide semiconductor gas
sensors (MOXs) have been continuously researched in the last decades
due to their cost-effectiveness, their high sensitivity and their suitability
for miniaturization [3]. Among the most popular MOXs are n-type
semiconductors such as SnO2, ZnO, In2O3 or WO3. The main drawback
of MOXs remains their lack of selectivity and, very particularly, cross-
sensitivity to ambient moisture. Different strategies have been reported
to fight cross-sensitivity. Namely, the use of filters to prevent specific
gases from reaching the gas sensing surface and thus, interfering in the
measurement process [4], the use of sensor arrays with overlapping
selectivity and pattern recognition [5,6] or the use of advanced sensor
operation techniques such as temperature cycling [7]. However, the
major efforts to tackle this problem have consisted of loading MOXs
with different metal or metal oxide nanomaterials in an attempt of
tailoring gas sensing properties and selectivity towards specific targets
[8,9]. In particular, nanoparticles of noble metals such as platinum,
palladium or gold nanoparticles have been employed for enhancing gas
detection, since these metals display interesting bulk properties and
catalytic activity [10]. In addition, the loading of n-type metal oxide
nanomaterials with p-type metal oxide nanoparticles has been explored
in the last few years because this is a route to achieve both chemical and
electronic sensitization effects. For example, upon the formation of
many n–p heterojunctions in n-type nanowires decorated with p-type
nanoparticles, electronic charge is injected from the nanowires to na-
noparticles and depletion zones develop at the interfaces [4–6]. In ad-
dition, p-type nanoparticles may help increase the amount of oxygen
species that end-up trapped at the surface of the n-type nanowire via
their catalytic activity and a spill-over effect [7,9,10]. While these two
effects combined translate in an increase in the electrical resistance of
decorated nanowire films (in comparison to the resistance for bare
nanowire films) when in clean air, they also play a role in the en-
hancement of sensitivity and selectivity to gases. This result involves
https://doi.org/10.1016/j.snb.2019.126868
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different mechanisms occurring at the surface of the hybrid nanoma-
terial, which alter the overall electrical conductance of the gas-sensitive
film. Namely:
• The adsorption of gaseous species onto p-type nanoparticles in-
volves charge-transfer mechanisms that eventually affect the width
of the depletion zones.
• Gaseous species can interact directly with oxygen adsorbates on n-
type MOX, and we should keep in mind that there is an increased
amount of oxygen surface species in hybrid nanomaterials due to the
presence of p-type MOX nanoparticles, as stated above.
• Gaseous species can react with p-type nanoparticles resulting in
highly reactive radicals that can further react with oxygen ad-
sorbates via a spill-over effect.
It is the choice of the particular p-type MOX to be employed in the
hybrid nanomaterial that enables tailoring the system selectivity to-
wards specific targets. Employing this approach Llobet and coworkers
reported the use of copper oxide nanoparticles for selectively detecting
hydrogen sulfide through a reversible sulfurization of copper oxide
upon exposure to H2S [11]. Similarly, palladium oxide nanoparticle
decorated tungsten oxide nanowires have been also reported for the
selective detection of H2 [12]. Hydrogen dissociation at the p-type PdO
nanoparticles, followed by spill over onto the n-type nanowires (at
high/moderate operating temperatures) or the reversible formation of
palladium hydride upon hydrogen exposure (at near room-temperature
operation) are the reported sensing mechanisms. More recently, the
loading of tungsten oxide nanowires with nickel oxide nanoparticles
was found to be of interest for the selective detection of H2S [13].
Following the approach described above, this paper is focused on
the decoration of tungsten oxide nanowires with p-type cobalt oxide
nanoparticles. At first, the suitability of the aerosol assisted chemical
vapor deposition (AACVD) for growing the hybrid nanomaterial with
different cobalt oxide loadings is studied via a morphological and
compositional study of the nanomaterials grown. Then, the gas sensing
response is investigated and discussed in detail. Here, a two-step
AACVD procedure in which WO3 nanowires are grown at first and
subsequently loaded with cobalt oxide nanoparticles was implemented
to ensure that the loading could be performed effectively in wide
concentration range.
The use of cobalt oxide as a gas sensing material, either standalone
or supported by different n-type metal oxides has been reported in the
literature and Table 1 summarizes the state of the art. To the best of our
knowledge, this is the first time that the growth of tungsten oxide na-
nowires decorated with cobalt oxide is reported and their use as gas
sensing nanomaterial investigated. Cobalt oxide supported on tungsten
trioxide nanowires was only reported before in a conference work [14]
in which we presented preliminary and incomplete results.
2. Experimental
2.1. Sensing layer synthesis
The AACVD methodology was employed to grow, on top of alumina
transducers, a first layer of pristine tungsten oxide. Some of the layers
grown underwent a second AACDV process to be loaded with different
concentrations of cobalt oxide nanoparticles. The first step consisted of
the synthesis of pure WO3 nanowires employing 50mg of W(CO)6 as
precursor. Such precursor was solubilized in a mixture of methanol and
acetone with a 1:3 vol ratio. It has been studied experimentally that
higher amounts of methanol lead to the formation of tungsten oxide
nanoparticles instead of the desired nanowires, the main reason for this
effect is the lower solubility of the organic precursor in methanol than
in acetone, leading to a less homogenous solution that, once used in the
aerosol generator results in a less effective precursor delivery. The so-
lution was sonicated until all the precursor material was fully solved
and then, was placed in an aerosol generator, which used a bath and
ultrasonic waves to convert the solution into a micro-droplet spray that
contained the precursor. This spray is conveyed via a connecting pipe
system using nitrogen as an inert carrier gas at a flow of 1 L/min to-
wards a 400 °C preheated CVD hot-wall reactor where the substrates are
placed. Typically, the process for growing tungsten oxide samples took
20–30minutes to complete and is run at atmospheric pressure. With
this procedure and considering the reactor dimensions, up to 3 samples
can be produced at the same time. The commercially available alumina
substrates employed have interdigitated platinum electrodes screen-
printed on the front side and a platinum heating resistor printed on the
backside. Three of these substrates placed and kept face up in the re-
actor chamber during and AACVD process. The resulting tungsten oxide
nanowire layers fully coat the electrode are of the substrates. Such
layers have a dark-blue color, which is indicative of tungsten oxide
being highly oxygen sub-stoichiometric and that some amorphous
carbon residues left by the organic precursor and solvents are present.
To remove such impurities and enhance oxidation, an annealing step is
performed right after the deposition, which is conducted in a muffle at
500 °C for 2 h, with a temperature ramp of 5 °C/min, under pure dry air.
After this step, the films show a green-yellowish color, indicative that a
slightly oxygen defective tungsten oxide is achieved.
For some of the previously grown tungsten oxide nanowire samples,
a second AACVD process is performed for loading them with cobalt
oxide nanoparticles. In the first place, different amounts of a cobalt
organic precursor, Co(acac)2, are weighed. Here 5mg or 10mg of the
Table 1
Summary of results reported for chemo-resistive sensors employing cobalt oxide.
Nanomaterial Operating temperature Gas/Range (ppm) Response (Rair/Rgas) Response time Relative humidity Reference
Co3O4 nanoparticles 240 °C CO/6.7 1.9a 110 s 60% [15]
Co3O4 nanorods 300 °C EtOH/100 25.7a 29 s DA [16]
CuCo2O4 nanosheets 23 °C NH3/400 1.07a 120 s 57% [17]
Co3O4/TiO2 nanotubes 100 °C H2/1000 7a 660 s 50% [18]
CoOx/SnO2 nanocomposite 250 °C H2S/2 10a NS DA [19]
Co/SnO2 NPs 320 °C H2/40 15.7a NS DA [20]
0-2 wt% Co/SnO2 350 °C NO/1000 1637a 75 NS [21]
C3H6O/2000 660a 5
EtOH/1000 806a 1
0-1 wt% Co/CdO 130 °C HCHO/100 23b 82 DA [22]
Co/WO3 thin film 250 °C O3/0.8 1.33a – DA [23]
WO3 nanowires/Co3O4 loaded 250 °C H2 / 20 1.7 819 s DA & 50% This work
EtOH / 20 3.2a 150 s
H2S/ 50 5.4a 40 s
NH3 / 25 12a 308 s
Notes: a(Rair/Rgas); b(%); DA: Dry Air Conditions; NS: Not Specified.
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Co precursor were used to produce sensors with different loading levels.
The organic precursor is mixed with 10ml of methanol and subse-
quently sonicated until its full solubilization. The sensor substrates
comprising annealed WO3 nanowires are placed again inside the CVD
reactor and preheated at 350 °C. The solution of the Co precursor is
placed at the aerosol generator and delivered into the CVD reactor via a
nitrogen flow of 1 L/min. The typical duration of this second AACVD
step is 10 to 15min. Finally, similarly to what was implemented for the
first process, an annealing step is performed to clean the surface from
carbon residues.
In addition to this two-step approach, a one-step approach for
achieving cobalt oxide decorated tungsten oxide nanowires was
checked as well. In the one-step approach both the precursors for
tungsten and cobalt oxide are mixed and dissolved together. However,
the overall efficiency of the cobalt oxide loading achieved in this way
was very poor in comparison to the two-step approach described above.
This lack of efficiency, which is in agreement with the findings for the
AACVD decoration with nickel oxide reported in [13], can be attributed
to the difficulty in achieving a good, simultaneous dissolution of the
two precursors in the solvent mixture. Therefore, the one-step approach
is no discussed further in this paper.
2.2. Material characterization
The nanomaterials had their crystalline phase characterized through
X-ray diffraction (XRD), their structural morphology was studied em-
ploying scanning electron microscopy (SEM) and high-resolution
transmission electron microscopy (HR-TEM). Finally, their chemical
composition was characterized using energy-dispersive X-ray spectro-
scopy (EDX) and X-Ray photoelectron spectroscopy. A Bruker-AXS D8-
Discover diffractometer with a parallel incident beam was used to
perform the XRD analysis. SEM was carried out using a SU8020
Microscope from Hitachi (Tokio, Japan) operated at 30 kV. XPS was
conducted on the sensing layers using a VERSAPROBE PHI 5000 from
Physical Electronics, equipped with a monochromatic Al Kα X-ray
source. The X-ray photoelectron spectra were collected at the take-off
angle of 45° with respect to the electron energy analyzer operated in the
CAE (constant analyzer energy) mode. For the compensation of built-up
charge on the sample surface during the measurements, a dual beam
charge neutralization composed of an electron gun (≈1 eV) and an Ar
ion gun (≤10 eV) was used. Binding energies are all referred to the C1s
peak at 284.6 eV. TEM analysis was carried out using a JEM-2100 (Jeol,
Japan, 200 keV) equipped with an energy dispersive X-ray spectrometer
(EDXS). The specimens for TEM investigation were mechanically re-
moved from the growth substrate and ultrasonically dispersed in MeOH
and a drop of the dispersion was deposited onto a lacy carbon film
supported by a copper grid. In addition, room-temperature photo-
luminescence (PL) measurements were made with a chopped Kimmon
IK Series He-Cd laser (325 nm). Fluorescence was dispersed with an
Princeton Instruments Acton SP2750 0.750m imaging triple grating
monochromator, detected using a Hamamatsu H8259-02 with a socket
assembly E717-500 photomultiplier, and amplified through a Stanford
Research Systems SR830 DSP. A 360 nm filter was used to filtering the
stray light. Finally, A cross-section and element mapping was per-
formed employing a FESEM-FIB-field emission gun SEM-focused ion
beam.
2.3. Gas sensing studies
These comprised testing the response for four different species (i.e.,
hydrogen sulfide, ethanol, hydrogen and ammonia vapors) at different
concentrations and for three different operating temperatures (150, 200
and 250 °C). The concentrations tested were 10, 15, 25, 50 ppm for
hydrogen sulfide, 5, 10, 15 and 20 ppm for both ethanol and hydrogen,
and 25, 50 and 100 ppm for ammonia. These species were in calibrated
gas cylinders balanced in dry air. The total flow was kept constant at
100mL/min throughout the measurements. In a typical experiment
sensors were exposed to a given species and concentration for 30min,
which was followed by 30min of dry air for recovering the baseline.
The DC resistance of the sensors was recorded. Sensors were placed
inside an airtight test chamber made of Teflon®, which was connected
to a mass-flow controlled dilution system that delivered reproducible
concentrations of the species tested. All sensors were manufactured in
duplicate (to test reproducibility). In a standard measurement, each
sensor was exposed to 5 cycles of pulses of increasing gas concentration
(to check repeatability). On the other hand, to test the reproducibility,
two sensors of each type (i.e. 2 pure WO3, 2 Co/LC and 2 Co/HC) were
tested and the responses for each concentration were compared.
Finally, when all the response values for each concentration had been
gathered, a Q Dixon test was run to find possible outliers; and the mean
values were calculated together with the standard deviation associated
for each concentration to a given operating temperature and plotted in
accordance. For the detection of the different species, the cross-sensi-
tivity of ambient moisture was studied. A mass flow controller for li-
quids was added to the dilution system and samples could be humidi-
fied to 50% R.H. at 25 °C.
3. Results and discussion
Fig. 1 shows typical successive response and recovery cycles of pure
and cobalt oxide loaded tungsten oxide nanowire sensors to increasing
concentrations of ethanol. As it could be expected, the loading of n-type
tungsten oxide nanowires with increasingly high amounts of p-type
cobalt oxide nanoparticles results in an increase of the baseline re-
sistance. This increase can be due to space charge regions developing at
the interfaces between p-type cobalt oxide nanoparticles and n-type
tungsten oxide nanowires, but also to cobalt oxide nanoparticles fa-
voring an increase in the concentration of oxygen adsorbates at the
nanowires (oxygen surface species trap electrons of the n-type nano-
wires increasing overall resistance).
The effect of having different amounts of cobalt oxide loading on the
sensing properties was screened (see the Supporting Information, Fig.
S1). In accordance to the results obtained, two loading levels were
considered for further analysis. These corresponded to using either
5mg or 10mg of Co(acac)2 during the synthesis step. These low and
high loading levels are referred to as Co/LC and Co/HC, respectively.
3.1. Material characterization
The different nanomaterials were characterized by means of XRD to
study their crystallinity. All nanomaterials presented peaks in
Fig. 1. Typical cycles of response and recovery to increasing concentrations of
ethanol pulses for three tungsten oxide nanowire sensors with different loading
levels of cobalt oxide nanoparticles. Namely, bare WO3, low cobalt loaded WO3
(Co/LC) and high cobalt loaded WO3 (Co/HC). Sensors were operated at 200 °C
under dry air conditions.
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agreement with those reported in ICDD card no. 43-1035 corresponding
to monoclinic WO3. In addition, cobalt loaded samples showed peaks
that corresponded to cobalt oxide. XRD spectra (Fig. S2) and a discus-
sion of these results can be found in the Supporting Information.
Tungsten oxide nanowires were single crystalline monoclinic and some
peaks recorded in the XRD spectra indicated the presence of Co in Co-
loaded samples. Scanning electron microscopy (SEM) and transmission
electron microscopy (TEM) were used to understand their morphology.
Fig. 2 shows typical SEM images of tungsten trioxide nanowires
loaded with low and high concentrations of cobalt. Nanowires grow
randomly oriented, their length ranges from 4 to 12 μm and they are
between 50 and 150 nm in diameter. The SEM images indicate that
even though cobalt is distributed along the whole length of tungsten
oxide nanowires, more cobalt is present at the nanowire tips (see
Supporting Information). At high loading levels, cobalt oxide clusters at
the tips in a nano-flake morphology. EDX studies confirm the presence
of cobalt in both Co/LC and Co/HC samples (see Supporting Informa-
tion). TEM microscopy of a Co/HC sample confirmed SEM results and
further revealed that nanoparticles covering WO3 nanowires have dia-
meters ranging from 20 nm to 80 nm (see Fig. 3). WO3 nanowires are
crystalline with no amorphous edge observed proving that annealing
step at 550 °C in air was efficient. Clear lattice fringes of 0.36 nm are
observed (inset in Fig. 3c) corresponding to the interplanar spacing of
(200) planes in monoclinic WO3 (ICDD no. 43-1035), thus supporting
XRD results. Nanoparticles deposited at the upper tip of the WO3 na-
nowire are polycrystalline, as concluded from selective area electron
diffraction (SAED) pattern (see the Supporting Information, Fig. S3a
and b). EDX spectrum taken over this area (see the Supporting In-
formation, Fig. S3c), reveals the presence of wolfram, oxygen, and co-
balt. In addition, the interplanar spacing measured in some of the de-
posited CoOX nanoparticles is 0.46 nm (inset in Fig. 3b), which could
correspond to the interplanar spacing of (111) planes in Co3O4 (ICDD
no. 01-073-1701).
In contrast, on the Co/LC sample, characteristically smaller cobalt-
containing agglomerates are found at the surface of WO3 nanowires
(Fig. 4). Also these agglomerates are less densely distributed over the
WO3 nanowires than in the case of the Co/HC sample.
Additionally, an element mapping was performed to confirm the
material distribution as well as room-temperature photoluminescence
study (these results can be found in the Supporting information). The
elemental mapping confirms that cobalt is well distributed along the
full length of the tungsten oxide nanowires, with higher presence at the
Fig. 2. SEM results. Co/LC tungsten oxide na-
nowires appear almost covered by clustered
cobalt oxide resembling to petal like structures
(upper left panel). Close look at the tips (upper
right panel). Co/HC tungsten oxide nanowire
tips are covered by clustered cobalt oxide with
nanoflake-like structure (lower left panel).
Close look at the tip of a Co/HC tungsten oxide
nanowire (lower right panel).
Fig. 3. TEM images of Co/HC sample: (a) TEM image of an individual WO3 nanowire where (b) the upper end is thickly covered with CoOx nanoparticles (b) while
the bottom end is not (c). HR-TEM inset in figure (c) reveals that the WO3 nanowire is crystalline. The measured lattice fringes, inset to figure (b) and (c), are 0.46 nm
and 0.36 nm, respectively, which corresponds to the interplanar spacing of (111) planes in Co3O4 (ICDD no. 01-073-1701) and (200) planes in monoclinic WO3.
(ICDD no. 43-1035). The red frames in images (b) and (c) indicate areas of the HRTEM insets in images b and c (For interpretation of the references to colour in this
figure legend, the reader is referred to the web version of this article).
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nanowire tips. The PL study indicates that Co-loaded tungsten oxide
nanowires have higher number of defects than pure tungsten oxide
nanowires.
To investigate the surface composition and chemical states of the
elements in the samples synthesized with different cobalt loading, XPS
spectra were recorded. A typical survey spectrum is shown in Fig. 5a. It
indicates that the surface of the samples is composed of tungsten and
oxygen elements with carbon contamination. In addition, the peaks
generated by photoelectrons emitted from cobalt atoms are evident.
The relative concentration of elements is shown in the Supporting In-
formation (Table S1), it is clear that by increasing the amount of cobalt
loading, the amount of Co incorporated into the material increases. It
was observed that the Co/HC sample loaded with the higher con-
centration of cobalt oxide presented two different regions having dark
grey and a light grey colors in SEM images (see Supporting Information,
Fig. S4). By studying the concentration of Co in these areas, it is clear
that the amount of Co incorporated is higher in the dark grey region.
The high-resolution spectrum of the W4f core level (Fig. 5b) shows a
doublet with components at 35.3 and 33.1 eV, which are assigned to
W4f5/2 and W4f7/2, respectively. These peaks can be associated to the
presence of W atoms with oxidation state 6+ (WO3) [13]. The detailed
inspection of the XPS Co 2p spectra recorded on the different samples
and regions (Fig. 5c), shows that for sample Co/LC and light grey region
of sample Co/HC, cobalt has the oxidation state 2+, while in the dark
grey region of sample Co/HC the oxidation state is 3+ [24,25]. This
supports the HRTEM findings, indicating the polycrystalline nature of
cobalt oxide in Co/HC samples.
Fig. 4. TEM image of the Co/LC WO3 nanowire with a corresponding EDX spectrum. HRTEM images of WO3 nanowire (1) and nanoparticle attached to the surface of
WO3 nanowire (2) reveal that both WO3 nanowires and nanoparticles are crystalline. The measured lattice fringes in 1 is 0.37 nm, which corresponds to (200) planes
in monoclinic WO3 (ICDD no. 43-1035). The EDX spectrum indicates that the nanoparticle agglomerate at the surface of the WO3 nanowire contains cobalt.
Fig. 5. a) XPS survey showing the composition
at the Co/LC sample surface. b) XPS spectrum
recorded in the binding energy range of the 4f
core level. The spectrum is characterized by a
doublet W4f5/2 and W4f7/2 and a singlet loss
feature centered at 38.7 eV. c) Co 2p XP spec-
trum on both samples Co/LC and Co/HC in the
light and dark regions.
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3.2. Gas sensing results
The responses of the different materials to ethanol, hydrogen, hy-
drogen sulfide and ammonia were studied under dry and humid con-
ditions (50% R.H.). Hydrogen and ammonia detection results can be
found in the Supporting Information.
3.2.1. Ethanol
The sensors were exposed to different concentrations of ethanol
vapors, namely, 5, 10, 15 and 20 ppm in a balance of dry air. Each
sensor was exposed to a cycle of four pulses of increasing gas con-
centrations. Between two consecutive concentration pulses, dry air was
used to clean the sensor surface. To test the repeatability of the mea-
surements, such cycle was repeated five times (see Fig. 6). Results in-
dicate that measurements were highly repeatable.
Fig. 7 reports these results for pure tungsten oxide samples operated
at three different temperatures (i.e., 150, 200 and 250 °C). Fig. 8 shows
that loading tungsten oxide with cobalt has a positive effect in the
sensitization towards ethanol vapors. In particular, when loaded at the
higher level (Co/HC sample), the higher responsiveness towards
ethanol under dry conditions is reached at the lowest operating tem-
perature tested (i.e., 150 °C). The improvement in responsiveness in Co/
HC samples is roughly 80% (compared to the responsiveness of pure
tungsten oxide samples). Fig. 8 reports as well the responses to ethanol
vapors of cobalt loaded tungsten oxide samples, when measured under
humid conditions. At 50% R.H., the response towards ethanol is ne-
gatively affected. The comparison of the slopes of the curves shown in
Fig. 8 clearly indicate that slopes are lower under humid conditions,
which is indicative of a decrease in ethanol sensitivity. Fig. 8 shows as
well that Co/HC samples operated at the higher temperature tested are
more resilient to the presence of moisture, since responsiveness to
ethanol remains remarkably high.
3.2.2. Hydrogen sulfide
Finally, the response of the different nanomaterials to hydrogen
sulfide was investigated. In the first step, sensors were exposed to hy-
drogen sulfide at 10, 15, 25 and 50 ppm under dry conditions. These
results are summarized in Figs. 9 and 10. The loading of tungsten oxide
nanowires with cobalt results in an enhanced response towards H2S.
The improvement in responsiveness towards hydrogen sulfide in Co/HC
samples is roughly 60% (compared to the responsiveness of pure
tungsten oxide samples). The effect of the operating temperature is very
different in pure and cobalt-loaded samples. While the responsiveness
towards hydrogen sulfide decreases with the operating temperature in
pure tungsten oxide samples, responsiveness increases when the oper-
ating temperature is raised for cobalt-loaded samples. This is indicative
that the contribution to the response of cobalt oxide nanoparticles
decorating tungsten oxide nanowires is a temperature-activated process
(catalytic effect). When in the presence of background humidity (see
Fig. 10), cobalt-loaded sensors, especially those employing Co/HC
samples, remarkably retain high responsiveness towards hydrogen
sulfide, provided they are operated at high temperatures (i.e., 250 °C).
The low standard deviations (error bars) associated to the mea-
surements reported in this section are indicative, not only of the good
repeatability of measurements, but also of the fair reproducibility of
sensors since Figs. 7–10 summarize the results for two sensors per
material considered. The gas sensing properties towards hydrogen and
ammonia are fully discussed in the Supporting Information. A short
summary of these results is as follows. Co-loaded sensors show small
responsiveness towards hydrogen. In contrast, under dry conditions,
Co/LC sensors operated at 250 °C were found to be remarkably selective
to ammonia, since the response to this vapor was 4 times higher than
for any of the other species tested (see Fig. 11). However, the presence
of ambient moisture heavily influenced (diminished) the response to-
wards ammonia.
Since Co/LC sensors operated at 250 °C were the most promising
devices, a long-term stability test was performed for these sensors.
Long-term stability measurements consisted of measuring ethanol
during November 2018 and then repeating these ethanol measurements
in May 2019, after 6 months of continuous operation in which other
species such as hydrogen, hydrogen sulfide or ammonia had been
measured. Long-term stability results are summarized in Fig. 12, which
shows a normalized response towards ethanol (a baseline correction
was applied). Results indicate that a fair long-term stability is achieved
over a 6-month period.
If compared to the state of the art results reported in Table 1, our
Co-loaded sensors have undergone a more in depth study (gas sensing
properties, moisture cross-sensitivity and long-term stability). They
show promise in the selective detection of low levels of ammonia (if
background humidity is filtered out) and in the detection of hydrogen
sulfide (in this case with the clear benefit of showing low moisture
cross-sensitivity).
3.3. Gas sensing mechanisms
It is generally accepted that, reducing species such as ethanol, hy-
drogen or hydrogen sulfide are adsorbed on metal oxides and react with
oxygen surface species. Electrons trapped at oxygen adsorbates are then
freed and contribute to the increase in the electrical conductance that is
observed in n-type metal oxide films. As discussed in the introduction,
the decoration of an n-type metal oxide (e.g. tungsten oxide) with p-
type (e.g. cobalt oxide) nanoparticles can tune the sensitivity and se-
lectivity of the n-type metal oxide via electronic and chemical sensiti-
zation effects. In particular, the use of catalytically active metals can
enhance sensitivity towards reducing species by increasing the amount
of oxygen surface species in their n-type metal oxide host (via a spil-
lover effect). However, this does not seem to be the case here, because
Fig. 6. Sensor resistance behavior when sensors were exposed to 5, 10, 15 and
20 ppm of ethanol while operated at 250 °C. The measurement cycle was re-
peated 5 times.
Fig. 7. Effect of the working temperature, to pure WO3 sensor, on the response
to different concentrations of ethanol (diluted in dry air).
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such an increase in the number of adsorbed oxygen species would have
been very favorable for increasing the response towards hydrogen,
which was not observed. Therefore, we have to conclude that the main
reasons for the observed enhancement in responsiveness of cobalt
oxide-loaded samples towards ethanol and hydrogen sulfide are related
to:
• Charge-transfer mechanisms triggered by the adsorption of ethanol
or hydrogen sulfide on cobalt oxide nanoparticles, which affect the
width of the depletion zones that develop at the p-n interfaces.
• Ethanol or hydrogen sulfide reacting with cobalt oxide nanoparticles
and, producing highly reactive radicals that can further react with
oxygen species located at the surface of the n-type tungsten oxide
via a spill-over effect.
At the operating temperatures tested, we can assume that the
dominant oxygen species at the surface of tungsten oxide are O− [26].
The presence of cobalt oxide nanoparticles could help breaking down
the ethanol molecule, favoring its complete oxidation and maximizing
the number of electrons released to the conduction band of tungsten
Fig. 8. Humidity effect on ethanol sensing at different operating temperatures for cobalt-loaded samples. Left panel Co/LC results; Right panel Co/HC results.
Fig. 9. Effect of the working temperature, to pure WO3 sensor, on the response
to different concentrations of hydrogen sulfide (diluted in dry air).
Fig. 10. Humidity effect on hydrogen sulfide sensing at different operating temperatures for cobalt-loaded samples. Left panel Co/LC results; Right panel Co/HC
results.
Fig. 11. Sensor response (Rair/Rgas) comparison for the different species and
different nanomaterials used (under dry air conditions). Operating temperature
was set to 250 °C. aSensor response calculated as Rgas/Rair.
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oxide (see Eq. 1).
C2H5OH(g)+ 6O−(ads)→ 2CO2(g)+ 3H2O+6e− (1)
Fig. 13 shows a cartoon of the detection mechanism for ethanol or
hydrogen sulfide in which the presence of cobalt oxide nanoparticles
contributes to the effective oxidation of ethanol and thus, to response
enhancement.
For H2S, a similar mechanism than the one describe for ethanol
applies [17] in which hydrogen sulfide molecules react with oxygen
surface species present on tungsten oxide nanowires, releasing electrons
as reported in Eq. 2.
H2S(g) + 3O−(ads)→ SO2(g) +H2O+3e− (2)
According to Eq. 2, a hydrogen sulfide molecule reacts with oxygen
adsorbates and undergoes an oxidation that leads to the formation of
sulfur dioxide, water and the transferring of three electrons towards the
conduction band of tungsten oxide. Furthermore, cobalt oxide nano-
particles can suffer a sulfurization process as expressed by Eqs. 3 and 4,
leading to a response enhancement due to electronic sensitization. The
width of the depletion layers at the n–p interfaces is altered (reduced)
upon this sulfurization process. Such a process is similar, but to a much
lower extend, to the one described in tungsten oxide nanowires deco-
rated with copper oxide nanoparticles [9].
Co3O4(s) +H2S(g)+O2(g)→ 3CoO+ SO2(g)+H2O (3)
CoO(s) +H2S(g)→ CoS(s) +H2O(g) (4)
The XPS analysis performed after H2S detection indicates the pre-
sence of Sulphur at the sensing layer surface. A close analysis of the S 2p
core level spectrum (supplement Fig. S10) suggests the presence of S-O
and S-Co supporting the assumptions in Eqs. 3 and 4.
This sulfurization of cobalt oxide nanoparticles can be reversed (at
least in part) when the gas sensitive films are cleaned using a flow of
pure dry air, as shown by Eq. 5 [25]:
Co1-yS(s) + (3-y/2)O2(g)→ (1− y)CoO(s) + S2O(g) (5)
In a humidified background, water molecules compete with target
molecules for the adsorption sites available. Exposure to ambient
moisture leads to formation of surface hydroxyl groups. In comparison
to a dry surface, a hydroxylated surface has a significantly lower
number of surface oxygen species that are free to react with ethanol,
hydrogen or hydrogen sulfide. This is why the observed responsiveness
and sensitivity decreases in a humid atmosphere. When operating at
high temperatures (e.g. 250 °C) the desorption of water from the gas-
sensitive surface is favored, which explains why at higher operating
temperatures, the response towards target species is restored, at least in
part. The reversible sulfurization mechanism described above, a de-
tection mechanism that does not rely on the direct interaction of hy-
drogen sulfide with oxygen surface species, could explain why cobalt-
oxide loaded tungsten oxide is quite resilient to the presence of ambient
moisture in the detection of hydrogen sulfide.
4. Conclusions
AACVD has been employed in a two steps process to successfully
grow tungsten oxide loaded with different amounts of cobalt oxide
nanoparticles. ESEM, HR-TEM, XRD, EDX and XPS analysis confirm that
single crystalline tungsten oxide nanowires loaded with cobalt oxide
nanoparticles are obtained.
The gas sensing properties of the different nanomaterials grown
have been studied. There is a clear modification in the gas sensing
behavior between films of pure tungsten oxide nanowires and those
obtained with cobalt oxide loaded tungsten oxide nanowires. While the
loading did not have a positive effect for detecting hydrogen, the pre-
sence of cobalt oxide nanoparticles clearly had a positive influence in
enhancing responsiveness to ethanol (80% increase) and hydrogen
sulfide (60% increase). Co-loading at low levels also had a positive
effect for achieving remarkable selectivity towards ammonia. The pre-
sence of humidity is, in general, detrimental for the detection of the
four reducing species tested. However, it was found that by loading
tungsten oxide nanowires with cobalt oxide nanoparticles resulted in a
clear decrease in the moisture cross-sensitivity, especially in the de-
tection of hydrogen sulfide at an operating temperature of 250 °C. This
result can be attributed to an electronic sensitization mechanism in
which a reversible sulfurization of cobalt oxide occurs upon exposure of
the gas sensitive film to hydrogen sulfide. Cobalt oxide is regenerated
during the recovery phase in which sensors are flown with pure air. In
addition, the sensors tested show very good repeatability and good
long-term stability.
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Fig. 12. Long-term stability study for Co/LC sensors operating at the optimal
working temperature of 250 °C and detecting ethanol vapors.
Fig. 13. Representation gas sensing mechanisms for ethanol and hydrogen sulfide. a) Representation of oxidation of H2S molecules via reaction with adsorbed
oxygen species (upper left) and partial cobalt oxide sulfurization (upper right). b) Reaction of ethanol molecules with oxygen molecules adsorbed both at cobalt oxide
nanoparticles and the nanowire surface (bottom).
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Tungsten trioxide nanowires were grown employing aerosol assisted chemical vapor deposition (AACVD)
and subsequently decorated with different loading levels of iridium oxide nanoparticles. AACVD has been
already demonstrated to be a useful tool to load different ranges of nanoparticles on top of an already
grown layer. This procedure enables growing the gas sensitive nanomaterials directly onto application
substrates for the development of chemo-resistive gas sensors. The morphology and composition of the
different materials were characterized via different techniques. It was found that iridium oxide loading
resulted in remarkable changes in the morphology and defects of tungsten oxide nanowires. The gas
sensing properties of such layers were studied towards ethanol or ammonia vapors, hydrogen, hydrogen
sulfide, and nitrogen dioxide. The optimization of the operating temperature and the level of iridium
oxide loading results in an improvement in the responsiveness and selectivity towards the species tested.
In particular, a dramatically high increase in the response towards nitrogen dioxide is achieved. The
mechanisms of gas sensing are discussed in detail.
© 2019 Elsevier B.V. All rights reserved.1. Introduction
There is aworldwide rising concern about air quality monitoring
and toxic gas emissions. In this field, extensive efforts have been
made in order to discover or manufacture sensors, with the ability
to detect a specific gas among a mixture of gases or sensors having
the ability to continuously monitor an atmosphere. Semiconductor
metal oxides (MOXs) have risen as an outstanding family of
promising materials due to their inexpensiveness, outstanding
properties, such as chemical resistance, endurance and time sta-
bility. MOXs are employed as sensitive layers for sensors in many
fields, they are present mostly in the automotive industry, the
petrochemical industry and for safety monitoring in domestic
premises. One of the most representative examples are MOX sen-
sors employing SnO2 nanolayers for the indoor detection of CO [1].N-type semiconductor metal oxides often used for gas sensing
such as SnO2, ZnO, TiO2, V2O4, In2O3 or WO3, present different
morphologies depending on the synthesis technique employed.
From the abovementioned (MOXs), WO3 has been extensively
researched during the last decades for its outstanding photo-
catalytic and sensing properties. WO3 presents a band gap of 2.6 eV,
and can be tailored in different nanostructures depending on the
growth methodology. WO3 presents different crystallinity
depending on temperature. For example ε-WO3 with a monoclinic
structure (Pm) is the predominant structure between 0 and 230 K.
Between 230 and 290 K d-WO3 is the predominant structure
belonging to the triclinic system (P-1) and, finally, the predominant
structure between 290 and 600 K is monoclinic g-WO3 belonging to
the P2/m spatial group [2].
There are many approaches to synthesize nanostructured layers
of WO3 with different morphologies. The first family of techniques
is the liquid-phase synthesis (LPS). In the liquid-phase approach,
thin films are usually obtained, even though the product obtained is
mostly a hydrate of tungsten trioxide, which will need further steps
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approach consist of using hard templates [3] or soft templates [4], a
variation of the sol-gel methodology in which porous thin films of
WO3 can be obtained, yet there is also the need of further annealing
steps. Hydrothermal treatment is themost attractive LPS to tailor 1-
D WO3 nanostructures such as nanoplates [5] or nanowires/nano-
rods [6] through an easy procedure. A second family of procedures
can be englobed to vapor-phase synthesis (VPS). In this family there
are both chemical and physical approaches such as vapor phase
deposition or sputtering. These two aforementioned techniques
can produce different nanostructured WO3 materials. In VPS,
nanoparticles, nanorods, thin or thick films can be produced once
the correct temperatures, gas flows and precursors are set [7]. For
example, sputtering, glancing angle sputtering or oxygen reactive
sputtering enables the fabrication of compact, nanostructured or
thin metal oxide films, which can be height controlled [8]. Despite
the fact that there are several VPS techniques, chemical vapor
deposition (CVD) outstands as an easy procedure to obtain a wide
range of WO3 morphologies when using the appropriate conditions
[9].
In this work we employ a modification of the above mentioned
CVD, in which the precursors are conveyed dissolved in an aerosol
into the reactor in which the CVD process is conducted. In aerosol
assisted chemical vapor deposition, an organic solution precursor is
prepared and then brought to an aerosol with a high-frequency
generator. This aerosol is carried towards a preheated hot-wall
reactor where a substrate is placed and the growth will take
place. As described by Yun-Tsung et al. the supersaturated vapor
containing WOx condenses on top of the substrate forming WOx
clusters, whichwill act as seeds to develop the growth of nanowires
(NWs) [9]. Thanks to the high temperature present inside the
reactor (350e400 C) the organic solvents rapidly decompose and
leaveWOx species to act as growing blocks to keep forming the NW
structure. Due to the organic precursors used, some remnant
amorphous carbon is also present in the NWs forest layer, which is
removed in a subsequent annealing step. The AACVD methodology
can be employed as well to deliver foreign oxide nanoparticles to
sensing layers previously grown. This makes the AACVD a suitable
methodology for obtaining pure or late-transition metal oxide
loaded tungsten oxide NWs. Typically, extensive research has been
done employing noble metals and metal oxides onto tungsten ox-
ide nanowires for gas sensing. For example, Annanouch et al. syn-
thesized, via AACVD, tungsten oxide NWs decorated with core-
shell PdePdO NPs for the detection of H2 [10]. Platinum and gold
have been also reported by Vallejos et al. [11] for the detection of
H2. Non-noble metals such as copper have been studied and re-
ported by Annanouch et al. as highly selective materials for the
detection of H2S [12] and, nickel oxide reported by Navarrete et al.
has also been demonstrated to increase the selectivity towards H2S
[13]. Despite the fact that noblemetals display excellent gas sensing
properties when decorating tungsten oxide NWs, to the authors’
knowledge, iridium oxide has been studied very seldom in the
context of gas sensing. Karthigeyan and co-workers presented a
field effect transistor employing an iridium oxide thin film as
ammonia gas sensor at room temperature [14]. However, studying
this material is of interest, since iridium oxide has been widely
reported as electrode material, due to its high catalytic activity in
water-splitting reactions (OER), or as a pH sensor.
2. Experimental
2.1. Materials synthesis
Pure tungsten oxide (WO3) NWs and IrO2-decorated WO3 NWs
were grown employing the AACVD. The precursor for WO3 NWswas tungsten hexacarbonyl (W(CO)6) (97% purity) purchased from
Sigma-Aldrich and the Iridium (IV) oxide (IrO2) powder (purity
99%) was purchased from Alfa Aesar. Both precursors were
employed without further purification. To grow such structures,
two approaches can be considered: a 1-Step or 2-Step methodol-
ogy. In the 1-Step methodology, both the NWs precursor and the
iridium oxide are mixed in the same solution and delivered to the
reactor during a single deposition. This 1-Step methodology has
been already studied in previous works [13] and has been
demonstrated to have a low-loading capacity in comparison to the
2-Step methodology, which is a much efficient way to achieve
higher loading levels of tungsten oxide nanowires. Therefore, the 2-
Step methodology was implemented.
In the first step, a solution of W(CO)6 is prepared mixing
50mgW(CO)6 with 15ml of acetone and 5ml methanol. This so-
lution then is converted into a spray of micro-droplets employing
sonication at high frequency. Once the aerosol is created, a flow of
nitrogen is used at 0.5 L/min to carry it towards a preheated hot
wall CVD reactor. In this particular work, the optimal growth
temperature for NWs lies in the range between 370 and 400 C,
since lower temperatures lead to the formation of nano-clustered
WO3 films instead of NWs. In this bottom-up methodology we
take advantage of the self-assembly process that occurs once the
organic compounds carried by the droplets enters into the high
temperature zone were the carbon-based solvents are burned
leaving tungsten species that act as building blocks for the NWs.
The NW deposition took place onto the electrode area
(2.5 2.5mm2) of commercially available alumina transducers
(Ceram Tech GmBH, Plochingen, Germany).
Once the chemical vapor deposition is finished, the material is
let to cool down at room temperature and examined. Due to the use
of organic precursors and solvents, the tungsten trioxide NW layers
have a dark blue color. This color is attributed to the presence of
amorphous carbon and to a non-stoichiometric WO3-x. To remove
carbon impurities and increase the oxidation of tungsten, an
annealing step is carried out. The annealing takes place inside a
muffle with a synthetic air flow at 2 L/min during 2 h at 500 C,
heated at 5 C/min rate and cooled naturally to room temperature
once the process is finished. Finally, the annealed NWs show a
yellow-pale color attributed to an almost stoichiometric WO3 and
to the removal of most carbon contamination. As mentioned above,
such methodology can be employed also to load different amounts
of nanoparticles to already grown NW layers. Following the same
procedure several organic solutions were prepared depending on
the desired iridium oxide concentration. Different amounts of
iridium oxide (i.e., 5 mg, 10mg and 15mg) were dispersed in 10ml
methanol. The particle suspension solution was transformed in an
aerosol and carried towards the preheated reactor where an
already coated sensor had been placed. A commercially available
iridium oxide characterized by a very wide dispersion in the di-
mensions of IrO2 particles was used. However, the ultrasonic
generator produced an aerosol in which only the smaller (nano-
sized) IrO2 particles could be found. These were the particles that
were dragged by the carrier gas flow into the reactor and became
eventually deposited onto WO3 nanowires (see the supporting in-
formation). Bigger (i.e., heavier) particles remained in the vessel in
which the aerosol was generated and these could be recycled, after
mechanical milling, in a new loading process. Subsequently to the
iridium oxide loading step, another annealing step is implemented
to remove the remnant carbon impurities.
The morphology, crystalline phase and chemical composition of
the different sensors grown on top of each substrate were studied
employing scanning electron microscope (SEM) and high resolu-
tion transmission electron microscope (HRTEM), X-ray diffraction
(XRD), energy-dispersive X-ray spectroscopy (EDX) and X-ray
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ing a SU8020 Microscope from Hitachi and a JEOL 7600 F field
emission SEM (15 kV, working distance of 15mm). The image res-
olution was set to 512 384 pixels while the corresponding map
resolution was set to 128 96 pixels, meaning a pixel size of
0.01 mm in the image and of 0.05 mm in the map. EDX spectra were
acquired using a microanalysis tool from Oxford Instruments by
scanning a selected area of the sample (pixel resolution as for the
SEM analysis) at a working distance of 10mmat 20 kV with a
137 eV resolution. EDX spectra were analyzed with the aid of the
INCA software. HRTEM characterization of the samples was per-
formed on a Jeol 2100 microscope, working at 200 kV. The material
was scratched from its alumina substrate and dispersed in meth-
anol. The dispersion was ultrasonicated for 20min and a drop was
deposited on a lacy carbon film supported by a nickel grid. XRDwas
performed employing a Bruker-AXS D8-Discover diffractometer
equipped with parallel incident beam (G€obel mirror), vertical q-q
goniometer, XYZ motorized stage, and a General Area Detector
Diffraction System. A 500 mm X-ray collimator system allowed the
analysis of a mean area represented by an ellipsoid with a constant
short axis of 500 mm and a variable long axis of 1500 down to
600 mm. The X-ray diffractometer was operated at 40 kV and 40mA
to generate Cu Ka radiation. The detector was an HI-STAR (multi-
wire proportional counter of 30 cm 30 cm with a 1024 1024
pixel grid) placed at a 15-cm distance from the sample. Experi-
mental diffractograms were fitted with the crystal structure (Riet-
veld analysis) for the phases identified with the aid of TOPAS 5.0
software. XPS was conducted using a VERSAPROBE PHI 5000 from
Physical Electronics, equipped with a monochromatic Al Ka X-ray
source (1486.6 eV). The X-ray photoelectron spectra were collected
at the take-off angle of 45 with respect to the electron energy
analyzer operated in the CAE (constant analyzer energy) mode, the
X-ray beam diameter was 200 mm and the pass energy used was
187.5 eV for recording the survey spectrum and 23.5 eV for core
level analysis. For the compensation of built-up charge on the
sample surface during the measurements, a dual beam charge
neutralization composed of an electron gun (z1 eV) and an Ar ion
gun (10 eV) was used. Binding energies are all referred to the C1s
peak at 284.6 eV. Static ToF-SIMS data were acquired in negative
mode using a ToF-SIMS IV instrument from ION-TOF GmbH. An Arþ
10 keV ion-beam was used as analysis beam at a current of 0.7 pA
(negative ion mode detection), and rastered over a scan area of
100 100 mm2. Three different locations on the surface were
accounted for ToF-SIMS analysis.
Room-temperature photoluminescence (PL) measurements
were made with a chopped Kimmon IK Series HeeCd laser
(325 nm). Fluorescence was dispersed with a Princeton In-
struments Acton SP2750 0.750m imaging triple grating mono-
chromator, detected using a Hamamatsu H8259-02 with a socket
assembly E717-500 photomultiplier, and amplified through a
Stanford Research Systems SR830 DSP. A 360 nm filter was used to
filtering the stray light. It is worth pointing out that the emission
spectra were corrected using the optical transfer function of the PL
setup.
2.2. Gas sensing study
To study the tungsten trioxide NW ability to detect gases, and
the effect of loading iridium oxide onto the NWmatrix, the sensors
were exposed to 5 different gases; ammonia vapors, ethanol,
hydrogen, hydrogen sulfide and nitrogen dioxide. To perform the
gas sensing analysis the sensors were placed inside an airtight
Teflon® chamber. In this study all gases employed were used from
calibrated gas bottles balanced in dry air and the carrier gas was
zero-grade dry air. Despite using dry gases, there is always someremnant humidity in the measurement ring. By using a commer-
cially available humidity sensor (SHT71, from Sensirion AG,
Switzerland) placed in the sensor chamber, it was established that
the relative humidity ranged between 2% and 5%. The concentra-
tions analyzed for ammonia, ethanol vapors, hydrogen and
hydrogen sulfide were set to 5, 10, 15 and 20 ppm and for nitrogen
dioxide were set to 250, 500, 750 and 1000 ppb. The concentrations
were delivered to the gas chamber through a computer-controlled
mass-flow system to ensure the reproducibility of the concentra-
tions delivered. The gas analysis was set as pulses consisting of
increasing target gas concentrations with intercalated steps of dry
air to recover the baseline at a 100mlmin1 constant flow. The
sensor DC electrical resistance was measured, acquired and stored
employing a Keysight 3972A data acquisition system. An Agilent
U8001Awas used as power supply for heating the resistors in order
to achieve the operating temperatures of 150 C, 200 C or 250 C.
Finally, to analyze the interference of ambient humidity, a liquid
mass-flow was employed to humidify the carrier gas (to 35% R.H.)
and an Arduino controlling the SHT71 humidity and temperature
sensor IC was employed to acquire and store the relative humidity
data.
3. Results and discussion
3.1. Effective loading study
Previous research done in the group revealed that different
loading concentrations can enhance or decrease the response ob-
tained from different gases [13], as well it has been also reported in
the bibliography that higher foreign NPs loadings result in a signal
decrease [15]. Therefore, in order to determine if it was worth
studying all three loading concentrations in depth an initial
screening of gas sensing properties was conducted. In this first step,
the concentration tested were pristine WO3 NWs, and 5, 10 and
15mg IrO2 loaded NWs. The overall results showed that for all the
gases tested 15mg IrO2 loaded NWs had a resistance of the order of
30 GigaOhms. Such high a resistance makes very difficult to mea-
sure the sensor response towards a gas. As mentioned above,
different loading levels can enhance or decrease the sensor
response signal towards a gas. According to these preliminary re-
sults, the range of IrO2 loadings achieved is enough to explore/
optimize the gas sensing behavior of the loaded nanomaterials.
Fig. 1 shows the normalized resistance responses to NO2 and
ethanol as examples of the sensor behavior to oxidizing and
reducing gases.
Taking into consideration the high resistance of samples loaded
with 15mg IrO2, only the samples consisting of pure WO3 NWs,
IrO2 5mg loaded WO3 NWs and IrO2 10mg loaded WO3 NWs will
be further analyzed in depth both morphologically and chemically.
These samples will be referred to, from here on, as WO3, IrO2/LC
and IrO2/HC, respectively.
3.2. Nanomaterial characterization
The NWs were analyzed by XRD to obtain the crystallographic
structure of pure and IrO2-loadedWO3 NWs. The diffraction pattern
of the pure WO3 NW sample shown in Fig. 2 corresponds to a
monoclinic structure, space group P21/n fitting with the ICDD card
nº 43e1035. Peaks from the alumina substrate are also present in
XRD spectra.
Tungsten trioxide NWs loaded with iridium oxide were studied
employing SEM to understand their morphology. Fig. 3 shows both
low and high concentration loaded NWs and their differences. On
the one hand, pure WO3 NWs show a smooth surface with few to
none attached material particles (see supporting information
Fig. 1. Normalized dynamic response and recovery cycles of sensors. The left panel corresponds to NO2 measurements obtained at 150 C. The right panel corresponds to ethanol
measurements obtained at 250 C.
Fig. 2. XRD spectrum recorded on a layer of pristine tungsten trioxide NWs on top of
an alumina substrate. All data fitted well with the ICDD card 43e1035 and the (*)
labelled peaks correspond to the alumina substrate. The inset corresponds to an
enlargement of the first two peaks.
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Èric Navarrete Gatell Fig. S4), on the other hand, IrO2/LC NWs present nanoclusters
homogenously spread along the body, meanwhile IrO2/HC NWs
show an increase of such nanoclusters with a higher spread along
the NW body.
Then, a HRTEM study was performed in such nanoclusters to
determine their morphology, crystallinity and composition. Fig. 4,
shows an IrO2/HC NWwith a close look to one of such clusters. The
HRTEM inset shows that the nanocluster attached to the NW sur-
face is crystalline. The d-spacing between lattice fringes in the insetFig. 3. SEM images for; IrO2/LC NW (lefis 0.364 nm corresponding to (200) planes in WO3 with monoclinic
structure (ICDD 43e1035) confirming the composition of the
clusters present in the surface as tungsten trioxide. Therefore, the
increase in iridium oxide loading results in a reshape of the NW
morphology with the appearance of granular tungsten oxide on the
surface of the NWs. This can possibly affect the specific surface area
of the nanomaterial and the amount of structural defects.
X-ray photoelectron spectroscopy and time of flight secondary
mass spectrometry were used in the chemical characterization of
the sensor active layer. In the XPS survey spectrum we observed
tungsten and oxygen peaks, the C 1s peak indicates the presence of
contamination that can be associated with the partial removal of
organic compounds (see supporting information Fig. S5). The most
intense Ir XPS peaks partially overlap with the W XPS peaks, as the
relative concentration of Ir is expected to be very small (~1%), the Ir
peaks remain buried under the background of secondary electrons.
The presence of Ir at the sample surface was confirmed by ToF-
SIMS. We observed the presence of peaks at m/z 238.95 and
240.95 with relative intensity corresponding to the relative isotope
abundance of 191 Ir and 193 Ir (Fig. 5).
The room-temperature PL spectra are presented in Fig. 6. By
pumping at 325 nm, we observed an emission peak of the WO3
NWs at around 450 nm (2.75 eV) with a full width at half maximum
(FWHM) of 370meV. When loading the WO3 NWs with iridium
oxide, the FWHM increased to about 1040meV. The intensity of
each spectrumwas normalized to the maximum emission intensity
for easiness of comparison. This broadening observed on the
FWHM indicates that the quantity of intrinsic defects (e.g. oxygen
vacancies and tungsten interstitials) [16,17] is higher when loading
the WO3 NWs with iridium oxide nanoparticles, which agrees witht panel), IrO2/HC NW (right panel).
Fig. 4. HRTEM image performed on an IrO2/HC NW (left panel). Close look at the
nanoparticle surface showing structured fringes revealing a high crystallinity (Right
panel).
Fig. 5. TOF-SIMS surface analysis revealing the presence of iridium oxide at the surface
of tungsten trioxide nanowires.
Fig. 6. Room-temperature emission spectra for WO3 NWs and IrO2-loaded WO3 NWs.
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Fig. 4, and is a consequence of the larger surface area of the IrO2-
loaded WO3 NWs respect to the WO3 NWs [18]. The photo-
luminescence of iridium oxide was studied to further verify these
assumptions. Pure IrO2 films did not show PL response, which
supports the differences observed being due to differences in
morphology and defects.3.3. Gas sensing responses
The responses towards ethanol, hydrogen sulfide and nitrogen
dioxide are presented and discussed in the following paragraphs.
The results for hydrogen and ammonia can be found in the sup-
porting information. A table summarizing response times for the
different materials and species tested can be found in the sup-
porting information too.3.3.1. Ethanol results
Sensors were exposed to ethanol vapors balanced in dry air. The
results obtained are shown in Fig. 7. When operating the sensor at
the lower temperature considered (i.e., 150 C), the overall re-
sponses displayed by all three types of sensors were much lower
than the ones recorded at higher temperatures (i.e., 200 C or
250 C). At 200 C or 250 C, the response pattern for all the three
sensor types shows a similar trend. At the operating temperatures
tested, the higher iridium oxide loading level (i.e., IrO2/HC) slightly
enhances ethanol response in comparison to the one obtained with
pristine WO3 NWs, meanwhile the lower iridium oxide loading
level (i.e., IrO2/LC), decreases ethanol response. This behavior can
be attributed to a competitive reaction between water vapor and
ethanol for the active sites available. At higher loadings of iridium
oxide, there is a higher amount of active sites available (due to
morphological changes and increased number of defects, as
revealed by TEM and PL studies), which enhances the reactionwith
ethanol molecules.3.3.2. Hydrogen sulfide results
Hydrogen sulfide was studied at concentrations ranging from 5
to 20 ppm. The concentrations studied have been decreased in
comparison to previous studies performed in our group due to the
negative impact that H2S may have to sensing layers [13]. As it can
be seen from Fig. 8, the overall responses for all three gas sensor
types increase as the operating temperatures are increased. From
the results obtained it can be concluded that loading iridium oxide
to the nanowire matrix has little effect on the responses towards
hydrogen sulfide. The sensitivity achieved for this type of loading
material is significantly lower than the one obtained in previous
studies employing copper oxide [12] or nickel oxide [13].3.3.3. Nitrogen dioxide results
In view of analyzing the response of iridium oxide loaded
tungsten oxide NWs towards oxidizing gases, the response to NO2
was studied. Fig. 9 summarizes the results obtained with the three
different sensor types studied. The loading with iridium oxide
clearly enhances the response towards NO2. At the lowest tem-
perature tested (i.e., 150 C) the response to 1 ppm of NO2 increases
by a factor of 2 for IrO2/LC and by a factor of 14 for IrO2/HC (taking as
reference the response of pristine tungsten oxide NWs). At the
operating temperature of 200 C, the highest response for both
IrO2/LC and IrO2/HC sensor types is achieved (registering 2.3-fold
and 95-fold increases in NO2 response for IrO2/LC and IrO2/HC
samples, respectively).
Fig. 7. Ethanol detection results at different operating temperatures. From left to right: 150 C, 200 C and 250 C.
Fig. 8. Hydrogen sulfide detection responses at different working temperatures. From left to right panels: 150 C, 200 C and 250 C.
Fig. 9. Nitrogen dioxide responses under dry air conditions at different working temperatures. From left to right panels: 150 C, 200 C and 250 C.
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So far, the analysis of the gas sensing properties has been con-
ducted under dry air conditions. This implies that the actual relative
humidity (R.H.) level in the gas-flow measurement set up ranges
from 2% up to 5%. However, to emulate real environmental working
conditions, measurements conducted at higher R.H. levels are
necessary. To do so, different concentrations of NO2 diluted in dry
air were humidified at 35% R.H. and measured. The results are
summarized in Fig. 10. They reveal that the presence of moisture
results in a decrease in the response towards NO2. This applies for
all three type of sensors studied (i.e., pristine WO3, IrO2/LC and
IrO2/HC). Despite these results, IrO2/LC samples displayed the
highest and most stable responses towards NO2 (higher sensitivity)
at the three working temperatures studied.
3.5. Detection mechanisms for nitrogen dioxide
Iridium oxide has been reported as an outstanding material toact as electrode for the oxygen evolution reaction (OER) in water
splitting. This reaction occurs at over potentials that range from
1.3 V to 1.6 V, however, the use of metal oxide catalysts can decrease
these values, as has been demonstrated in the literature [19].
Iridium oxide belongs to the rutile-type oxides such as RuO2, MnO2,
PtO2 [20]. Due to their morphology, non-stoichiometry, band
structure and surface electronic structure, these metal oxides
display attractive characteristics to be used as materials for elec-
trodes. Considering water splitting on iridium oxide modified
electrodes, the OER involves the adsorption of water molecules
onto iridium oxide nanoparticles and their reaction with hydroxyls
present on the surface of the metal oxide, giving rise to eOOH
transition species [21]. During the OER the oxidation states of
iridium playing a role are (III), (IV) and (V). The stable oxidation
states (i.e., at the end of the OER) present on the surface are Ir (III)
and (IV). Iridium (V) has been reported to be a transition oxidation
state found only while the OER is occurring [20].
Therefore, Fig. 11 represents the typical mechanism explaining
the behavior of iridium oxide during the water splitting oxidation
Fig. 10. Nitrogen dioxide responses under 35% R.H. conditions at different working temperatures. From left to right: 150 C, 200 C and 250 C.
Fig. 11. Typical water splitting path occurring when iridium oxide is used as catalyst.
Fig. 12. Schematic pathway mechanism towards the detection of NO2 at very low
relative humidity conditions.
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droxyl groups adsorb in the first place on the surface of iridium
oxide (S1) and, subsequently, when another water molecule in-
teracts with the hydroxyl layer, the OER takes place generating a
molecular oxygen species (S2). This mechanism is supported by
experimental data via baseline resistance measurements per-
formed under very low humidity (i.e. <3% R.H.) and humid (35%
R.H.) conditions for pure and IrO2 loaded tungsten oxide sensors
(see Fig. S8 and associated discussion in the supporting
information).
In order to explain the exceptional capacity of iridium oxide
loaded tungsten trioxide nanowires for detecting NO2, the
following mechanism is introduced. At high moisture levels, the
interaction with water molecules resulting in the formation of
surface hydroxyls is a competitive reaction with the adsorption of
NO2 [22e24]. Surface hydroxyls would react with the highly
available water molecules rather than with the traces of NO2 and,
this explains the significant decrease in response towards nitrogen
dioxide observed under the presence of moisture. In contrast, when
working under dry air conditions, the typical values of relative
humidity found inside the test chamber range between 2% and 5%,
therefore, a small water content is always present in the atmo-
sphere surrounding the sensors. Under these conditions, few hy-
droxyl groups are found on the surface of iridium oxide
nanoparticles and, NO2 molecules can easily interact directly with
the surface of iridium oxide, which results in a high response signal.
Wewill now further discuss the sensingmechanism for nitrogen
dioxide under low moisture conditions. This is schematized in
Fig. 11. Following thewater splitting reaction, when iridium oxide is
present (S1) water molecules and radical hydroxyl groups become
adsorbed (S2). This leads to the formation of eOOH groups, which
have been reported to be found only during the oxygen evolution
reaction. The formation ofeOOH groups involves surface hydroxylsreacting with lattice oxygen species, changing the oxidation state of
iridium to Ir(V) (S3) [25,26]. When humidity is in the 2e5% range,
NO2 molecules can easily get adsorbed at the surface of iridium
oxide. Adsorbed nitrogen dioxide (an electrophile) can subse-
quently react with atomic oxygen (a nucleophile), which is made
available via the OER taking place at neighboring sites (S4). The
higher the amount of iridium oxide nanoparticles is, the higher the
production of free atomic oxygen is, and more NO2 molecules react
with these oxygen species resulting in the formation of NO3. This
increases the total electronic net charge transferred from the host
material (i.e., WO3), which translates into a high resistance change
(as shown in Fig. 1). When the atomic oxygen is released and
captured by NO2 molecules, iridium suffers a reduction from Ir(V)
to Ir(III), leading to the formation of HIr(III)O2 (S5) [27]. When the
oxidation of Ir(III) to Ir(IV) occurs (S6), the surface of the catalyst is
regenerated and a proton is released, leading to the formation of
hydrogen. This last step in which hydrogen is produced, could be
the reason why the sensor responses towards hydrogen measured
for this materials are so weak (see supporting information). The
presence of physisorbed NO2 and chemisorbed NO3 species has
been confirmed by performing XPS analysis of a sensor exposed to
NO2 (these results can be found in the supporting information).
Furthermore, the presence of IrO2eOH moieties on the surface of
the materials exposed to humidity has been confirmed by TOF-
SIMS (these results are reported in the supporting information of
this paper). These results taken together support the sensing
mechanisms depicted in Fig. 12.
A second plausible mechanism for the response enhancement
upon IrO2 loading, complementary to the above mentioned one, is
the increase in the number of surface defects and the increased
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supported by baseline resistance measurements in pure and IrO2
loaded tungsten oxide sensors (see the Supporting Information).
The increase in the response obtained for both IrO2/LC and IrO2/HC
can be attributed to the rough morphology of the nanowires, when
these are loaded with IrO2, which enhances the number of surface
sites in which NO2 molecules can be chemisorbed [24]. At the same
time, a highly increased roughness makes more difficult for
chemisorbed species to leave the material surface and, thus,
impeding new molecules to react. When considering sensors using
IrO2/LC, these experience an enhancement in their response to-
wards NO2 and no response saturation effects are seen. In contrast,
sensors employing IrO2/HC show a dramatically increased response
towards NO2, yet clear response saturation effects are observable
within the concentration range tested.
4. Conclusions
Aerosol assisted chemical vapor deposition has been employed
to grow tungsten trioxide nanowires loaded with iridium oxide
from the precursors tungsten hexacarbonyl and pure iridium oxide
powder. To ensure an efficient as well as a homogenous loading, a
two-step procedure is followed. Furthermore, different levels of
iridium oxide loadings have been achieved, displaying clear dif-
ferences in gas sensing properties.
XRD has confirmed the synthesis of high-quality crystalline
WO3 NWs. HR-TEM and SEM analysis have shown the occurrence of
morphology changes that correlate well with the increase in
iridium oxide loading. These results are supported by a photo-
luminescence study, which reveals an increase in the number of
surface defects, when comparing pure WO3 NWs and IrO2 loaded
WO3 NWs. XPS and ToF-SIMS analysis have been carried out to
confirm the presence of iridium on the sensing layers.
The responses and sensitivity towards different gases, both
reducing and oxidizing, of the different materials grown were
studied. The loading of iridium oxide nanoparticles to the nanowire
matrix dramatically increases the responsiveness towards nitrogen
dioxide, as the loading of iridium oxide increases. In contrast, no
effect or a slight response enhancement was observed for the other
gaseous species tested. When IrO2/HC samples (operated at 200 C)
were exposed to 1 ppm of NO2, their response was 95 times higher
than the one measured for pristine nanowires. The mechanism
behind this response enhancement can be attributed to the cata-
lytic properties of iridium oxide towards the water splitting reac-
tion. In water splitting, the generation of atomic oxygen is
dramatically increased, enabling its reaction with adsorbed nitro-
gen dioxide, thus enhancing sensor response. However, the
mechanism that boost NO2 response in IrO2/HC samples is hin-
dered at higher relative humidity levels. In contrast, IrO2/LC sam-
ples operated at 150 C, show fair responsiveness to NO2 at ppb
levels. Furthermore, their responsiveness is little affected by hu-
midity in the 2%e35% R.H. range tested. As a result, IrO2/LC nano-
materials operated at 150 C show potential for being employed in
resistive sensors to monitor the presence of NO2 in the ambient
(indoor/outdoor), under real atmospheric conditions.
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Heterojunctions could be employed not only to enhance the selectivity towards 
a gas but also to cope with humidity cross-sensitivity effects often experienced 
with metal oxides [37] [38]. For instance, the mixture coating of an inorganic 
material with a layer of an organic material could lead to an increase in the 
resilience of the resulting hybrid material towards humidity. This could be 
attributed to the chemical properties of the organic layer. For example, if this 
layer is hydrophobic, it will prevent the adsorption of water molecules and the 
diffusion of water molecules towards the inorganic layer underneath. In the 
paper Tungsten oxide-lutetium bisphthalocyanine n-p-n heterojunction: From 
nanomaterials to a new transducer for chemosensing, a hybrid inorganic and 
organic double layer arrangement is fabricated and its performance in the 
detection of ammonia under varying humidity conditions is studied. Such gas 
sensitive hybrid was synthetized as an inorganic resistive layer (WO3-NWs) 
covered with an ultra-thin layer of a lutetium bi-phthalocyanine. Basically, in this 
device the electronic charges are forced to flow throw the layer interfaces, thus 
enhancing the sensitivity of the materials but also as the exposed layer to the 
atmosphere is the organic layer, the adsorption of water molecules by the 
inorganic metal oxide underlayer is minimized.  
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A tungsten oxide–lutetium bisphthalocyanine
n–p–n heterojunction: from nanomaterials to
a new transducer for chemo-sensing†
M. Bouvet, *a M. Mateos,a A. Wannebroucq,a E. Navarrete b and E. Llobet b
We report on a new hybrid heterojunction gas-sensitive device by combining a molecular material
with a metal oxide. WO3 was synthesised via an aerosol-assisted chemical vapour deposition technique
from a tungsten hexacarbonyl precursor. Onto an inorganic film, LuPc2 was vacuum evaporated. The
morphology of the WO3–LuPc2 hybrid films is dominated by the morphological features of the tungsten
oxide film, as shown by scanning electron microscopy and atomic force microscopy. Raman spectro-
scopy of the device confirms the presence of both materials. The non-linear I–V characteristics demon-
strate the existence of an energy barrier at the interface between the inorganic and molecular materials.
The interfacial phenomenon was confirmed by means of impedance spectroscopy. Finally, the positive
response to ammonia confirms the n-type nature of the charge carriers responsible for the transport
properties through the device, in accordance with the n-type conductivity of WO3. This response is fully
reversible whatever the relative humidity value in the range 10–70% rh. Even though the current is shifted
when the relative humidity decreases, ammonia sensitivity remains almost unchanged (2.5 nA ppm1) for
rh ranging from 30 to 50%. It is worth noting that the present device operates at room temperature with
excellent reversibility and stability, showing the lowest limit of detection for ammonia ever reported for
this device architecture (250 ppb).
Introduction
Research on heterojunctions formed between inorganic, organic
or mixed materials has been attracting significant and sustained
efforts. Heterojunctions between two inorganic materials form
diodes, which can be used in electronic circuits, but also as
photodetectors, light emitting diodes or photovoltaic cells. In the
past few decades, heterojunctions between two organic materials
have also been studied for their optoelectronic properties.1–3
More recently, hybrid organic–inorganic heterojunctions have
been reported. For example, n-GaAs–carbon nanotube hetero-
junctions show a rectifying behavior, potentially usable as diodes
for high frequency communications or photovoltaic applications.4
Poly(3,4-ethylenedioxythiophene)–polystyrene sulfonate–ZnO nano-
rod p–n heterojunctions have been reported as stretchable
photodetectors.5 The pentacene–MoS2 p–n heterojunction exhibits
a photovoltaic response upon optical irradiation.6 In addition, a
series of organic–inorganic heterojunctions have been reported
as possible photodetectors such as spirofluorene derivatives
associated with Sb2S3
7 or ZnO,8 or a combination of Cd3P2
nanowires with PCBM, a fullerene derivative.9
Heterojunctions are mainly used for their optoelectronic
properties, and they can also be used for chemosensing.10 In
gas sensing, semiconductor metal oxides have been the most
studied materials due to their high sensitivity, simplicity (such gas
sensors behave as chemoresistors), wide range of mass-production
synthesis routes, low cost and large number of possible
applications.11–13 In an attempt to improve their selectivity, they
are often doped or associated with other materials, namely metal
or metal oxide nanoparticles.14–18 Besides these classical chemo-
resistors, heterojunctions that combine two semiconducting
materials offer additional possibilities, since the current through
the devices depends not only on the density of charge carriers
and their mobility, but also on the energy barrier that develops
at the interface between the materials.19,20
Inorganic heterojunction materials have been reported for
gas sensing. For example, Dutta21 reported room-temperature
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hydrogen sensing employing Pd/ZnO/p-Si heterojunctions.
Hu22 reported the gas-sensing properties of CuO–ZnO p–n
heterojunctions. More recently, single-crystalline n-type WO3
nanoneedles decorated with p-type Cu2O nanoparticles led to
excellent sensitivity and selectivity to hydrogen sulfide, a 7-fold
increase in response compared with that of pristine WO3 nano-
needles, and a low detection limit, below 300 ppb of H2S.
23 Hybrid
organic–inorganic materials have been reported for gas sensing,
as pentacene and ZnO as semiconductors in a transistor-based
vapour sensor.24 Organic–inorganic nanocomposites have been
employed in gas sensors for environmental monitoring,25 but not
in the form of heterojunctions. Organic–inorganic polypyrrole–
chitosan coated ZnO nanospheres behave as heterojunctions, and
their hydrogen response increases linearly with the concentration
of ZnO nanoparticles in the material.26 As reported for polypyrrole–
SnO2 hollow sphere p–n heterojunctions, the modification of the
energy barrier height explains the improvement in the response
of the sensor.27 Heterojunctions obtained by the electrodeposi-
tion of polyaniline on n-type ZnO or CdS films exhibit high
sensitivity to liquefied petroleum gas.28,29
Besides classical heterojunctions built from two semi-
conducting layers in sandwich between two electrodes, a few
years ago one of the authors patented a different type of device
that combines one poorly conducting semiconductor material
deposited onto interdigitated electrodes, which is covered by a
more conducting semiconductor.30,31 The particularity of this
device is that the more conducting material is on top and not in
contact with the electrodes. Since the interelectrode distance is
very high compared to the thickness of the sublayer, typically
70 mm against 100 nm, the lowest resistance pathway from one
electrode to the other goes twice across the sublayer, crossing
the interfaces as indicated by the arrows in Fig. 1. This device,
initially called the molecular semiconductor-doped insulator
(MSDI) heterojunction, exhibits nonlinear but symmetrical
current–voltage characteristics. MSDIs are neither diodes nor
transistors. Till now, the top layer in MSDIs has been a
lanthanide bisphthalocyanine, LuPc2, well known for its intrin-
sic semiconducting behaviour,32,33 or a lanthanide triple decker
phthalocyanine.34 The energy barrier is particularly high when
the sublayer is of n-type. Thus, for a series of poor conducting
monometallophthalocyanines, this increases from non fluori-
nated phthalocyanine (MPc) to hexadecafluoro-phthalocyanine
(M(F16Pc)),
30 in relation with the stabilization of the frontier
orbitals, HOMOs and LUMOs.35 As expected, an intermediate
behaviour is observed with octafluoro-phthalocyanine (M(F8Pc)).
The chemosensing properties of MSDIs are unique. Even though
the only material in contact with the atmosphere is the top layer,
the response can be inverted, depending on the type of con-
ductivity of the sublayer. Thus, the response of the M(F16Pc)/
LuPc2 MSDI to ozone, a strong oxidizing agent, is negative
whereas it is positive for the MPc/LuPc2 MSDI.
Similarly, upon exposure to an electron-donating species like
ammonia, the current in the M(F16Pc)/LuPc2 MSDI increases, but
decreases in the MPc/LuPc2 MSDI.
In addition to phthalocyanines,30,36 MSDI-type heterojunctions
have been reported with a series of molecular materials as sub-
layers, namely sexithiophene37 as a p-type material and perylene
derivatives37,38 and a triphenodioxazine39 as n-type materials.
However, MSDI-type heterojunction devices that combine
inorganic and organic materials have never been reported
before. In order to build such heterojunctions, the n-type
sublayer needs to be less conductive than LuPc2, which we want
to keep as the p-type, highly conductive top layer. Tungsten
oxide, WO3x, known as an n-type semiconductor material was
chosen as the sublayer (Fig. 1).
WO3 is a wide-band gap semiconductor oxide, with an
estimated band gap Eg = 2.62 eV. Typically, WO3x presents a
monoclinic structure, stable between 17 1C and 330 1C.40 Its
conductivity depends on oxygen vacancies, related to oxygen
substoichiometry (x value). Different techniques are available
for performing the growth of a tungsten oxide film. Thin WO3
polycrystalline films can be grown by reactive RF magnetron
sputtering, with appropriate thickness and tuned oxygen
stoichiometry.41 Thick WO3 films can be obtained using commer-
cially available WO3 nanopowders sintered at a high temperature
(e.g., 900 1C for 2 hours) and subsequently screen-printed on top
of the transducer substrate.42 Chemical vapour deposition is also
a methodology employed to grow tungsten oxide, and the main
advantages of the technique are the possibility of fine tuning
the morphological structure of tungsten oxide crystals and per-
forming oxygen vacancy control.43–45 Here it was necessary to
grow a tungsten oxide film with well-defined crystallinity and
oxygen-defects and having a regular and smooth surface that
would be, in a second step, totally covered by a p-type organic
film. Therefore, in this paper a dense forest of single-crystalline
tungsten oxide nanorods and nanoparticles was grown employing
an aerosol-assisted chemical vapour deposition (AACVD) method.
Inorganic–organic heterojunctions were prepared and charac-
terised by employing different techniques. In particular, their
response to ammonia under different relative humidity (rh) con-
ditions is presented and discussed in detail.
Results and discussion
Morphology and compositional studies
The morphology of the organic–inorganic heterojunction layers
was studied by SEM and AFM. Fig. 2 shows the SEM results. The
low magnification SEM images obtained for a sample of WO3
not covered by LuPc2 show that an homogeneous coating of the
application substrate is achieved (Fig. S1, ESI†). Considering
previous results,23 the thickness of the tungsten oxide layer can
be estimated to be about 5 microns. This thickness still allows
Fig. 1 Scheme of a WO3–LuPc2 heterojunction; the arrows indicate the
pathway of charges across the device.
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observing the pattern of the electrodes underneath the film.
The high magnification images reveal that elongated morphologies
with granular tips dominate in uncoated films (see the left panel in
Fig. 2). These elongated objects, the lateral dimensions of which are
below 200 nm, are in good agreement with the nanoneedle-like
morphology already reported for the AACVD grown tungsten
oxide.23,46 The right panel in Fig. 2 shows that the organic–
inorganic film is not perfectly compact and comprises both
granular and elongated morphologies (nanorods). This morphol-
ogy is confirmed by AFM analysis. While the left panel image in
Fig. 3 indicates that the film consists of densely packed particles,
the higher magnification image shown in the right panel
clearly shows, additionally, the presence of elongated objects
(nanorods). The oriented facets visible in some of these elon-
gated structures indicate that these objects comprise bundles of
oriented nanoneedles. It can be concluded that the morphology
of the WO3–LuPc2 hybrid films is dominated by the morpholo-
gical features of a tungsten oxide film.
XRD analysis (Fig. S2, ESI†) indicates that the tungsten oxide
(both in coted or uncoated films) shows a monoclinic phase.
No peaks associated with the presence of LuPc2 were observed
in the XRD spectra of coated tungsten oxide films, which is
indicative of the presence of a very thin organic film. EDX
analysis was performed on the samples (Fig. S3, ESI†). The
main peaks in the spectra revealed the presence of W, O, C
and In. While the presence of W can be associated with the
tungsten oxide film and the presence of In is related to the ITO
electrodes, the presence of carbon could be due to different
reasons. Carbon could be contaminated as often found in
samples exposed to ambient air, remains from the precursor
employed for growing the tungsten oxide film or carbon from
the LuPc2 coating. To confirm the presence of the LuPc2 coating in
the hybrid films, Raman spectroscopy analysis was conducted. The
results are shown in Fig. 4. The Raman spectrum shows peaks that
can be directly attributed to tungsten oxide lying in the 200 to
900 cm1 range. In addition, 7 peaks in the region that spans from
1100 to 1600 cm1 can be directly attributed to the LuPc2 layer.
47 In
particular the peaks at 1191 cm1 and at 1173 cm1 correspond to
C–H bending. The one at 1331 cm1 corresponds to CQC pyrole
and benzene stretching and those at 1406 cm1 and 1424 cm1
correspond to isoindole stretching. The peak at 1508 cm1
corresponds to CQC pyrrole stretching and coupling of pyrrole
and aza stretching. Finally, the peak at 1596 cm1 corresponds
to benzene stretching. These results confirm that a film of
LuPc2 coated on top of an AACVD grown tungsten oxide layer
has been achieved correctly.
Transport properties
The I–V characteristics obtained with the WO3–LuPc2 hetero-
junction exhibit a nonlinear behavior for both positive and
negative polarizations (Fig. 5), contrarily to what is observed for
a diode in which a rectification ratio exists between direct and
inverse polarizations. The current is 53 mA at 10 V, against
4.6 mA at 2 V. This also confirms that WO3 covers all the
substrate and that LuPc2 does not percolate from one electrode
to the other one. Indeed, when this is the case a linear current–
voltage characteristic is observed as for a LuPc2 resistor.
48
The I(V) characteristic showed two electrical conduction
regimes as we noticed a slope break between 5 and 7 V. So we
analyzed the I(V) characteristics by means of the space charge
limited current (SCLC) model,49 thanks to the log I = f (log V) plot.
Above 7 V, the slope is 2.3 (R2 = 0.9997), i.e. only slightly higher
than 2. Actually, as soon as traps are present, this slope is higher
than 2, and the slope of 2 should be attained only when all
the traps are filled.50,51 Between 0.3 and 3 V, the slope of the
log I = f (log V) curve is slightly higher than 1 (1.25 with R2 =
0.99997), showing an ohmic behavior. At low voltages, a part of
the current can go through the WO3 layer, but at higher
voltages, the energy barrier between the two materials can be
overcome and the charges are also injected from the sublayer to
Fig. 2 Typical SEM micrographs of the uncoated WO3 nanowire layer
(left) and of LuPc2-coated layer (right).
Fig. 3 Typical AFM micrographs of an organic–inorganic heterojunction
film.
Fig. 4 Raman spectrum of a WO3–LuPc2 heterojunction layer deposited
on top of a glass substrate having a pair of interdigitated ITO electrodes.
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the top layer and flow through LuPc2 (Fig. 1). This indicates that the
annealing conditions, as described in the Experimental section
are efficient enough to diminish the conductivity of the oxide.
Elsewhere, we checked whether devices consisting of only the
WO3 layer exhibit linear I–V characteristics (Fig. S4, ESI†). This
means that the contact between the metal oxide sublayer and the
electrodes is an ohmic contact. Clearly, the transport properties
of the WO3–LuPc2 heterojunction are governed by the energy
barrier between the inorganic and molecular materials.
Impedance spectroscopy and modelling
We completed the study of the transport properties thanks to
impedance spectroscopy, which is a conventional technique in
electrochemistry,52 but its application in solid-state organic
electronic devices has recently received growing attention.53–56
Hereafter, we only discuss the complex plane representation, called
the Nyquist plot, of the impedance Z defined as: Z = Re(Z) + j Im(Z),
where Re(Z) and Im(Z) are the real part and the imaginary part
of Z, respectively.
Fig. 6 shows the Nyquist plot of a WO3–LuPc2 heterojunction
acquired between 10 Hz and 1 MHz (f is an implicit variable so
we indicated two characteristic frequencies f1 and f2) with an ac
perturbation voltage of 300 mV and a bias ranging from 0 V to
5 V. We notice two intermixed non-ideal semicircles, which
exhibit different behaviours towards bias. The first one, at
high frequency (with characteristic frequency f1), is practically
unaffected by the bias, in contrast to the second one, at low
frequency (with characteristic frequency f2), that shrinks as the
bias increases. It is worth noting that for a LuPc2 resistor, only
one semicircle unaffected by the bias is observed. This means
that the electrical properties of the material remain approxi-
mately constant over the entire frequency range,48 suggesting
that charge transport is dominated by the bulk material, and
not by interfacial traps.57 In the present heterojunction, the two
non-ideal semicircles led us to propose for the data modelling
an equivalent circuit, which consists of two R-CPE branches
(Fig. 6). A constant-phase element (CPE) can be regarded as an




with o = 2pf, where f is the frequency, Q is the non-ideal
capacitance, and a a value between 0 and 1 that dictates the
non-ideality of the capacitive element. When a = 1, a CPE equals
an ideal capacitor and when a = 0.5, it represents a so-called
Warburg element that reflects the diffusion phenomenon.59
As expected from the Nyquist plot, all parameters (R1, Q1 and
a1 in blue Fig. 7) from the R1-CPE1 branch, which represents the
high frequency semicircle, remain practically constant toward
the bias. Therefore, we suggest that these parameters constitute
the bulk material properties of the whole device. The values
of a are 0.9 for the high frequency loop and 0.5 for the low
frequency loop. The collapse of the low frequency semi-circle as
the bias increases (Fig. 6) is due to the decrease of R2 (in red
Fig. 7), which deals with an interfacial behaviour.60 It should be
noted that an R–C element attributed to an interfacial behaviour
should have a larger capacitance than the bulk capacitance
because an interfacial layer should have a smaller thickness
compared to that of the device. The extracted parameter Q does
not really have a physical meaning because its unit is dependent
on a. However, we can refer to a method proposed by Hsu
and Mansfeld61 to calculate an effective capacitance Ceff from
the R-CPE branch (Fig. 7).
It appears that Ceff1 has a constant value of 24 pF whereas
Ceff2 has a larger value from 1.75 nF to 0.25 nF which confirms
our assumptions: the high frequency semicircle reflects the
bulk properties of the device and the low frequency one reflects
the interfacial phenomenon similar to an energy barrier as
mentioned above in the I–V characteristics. Finally, a2 is far
from 1, because the charges do not go through a unique
pathway but through both layers.
Fig. 5 Typical I–V characteristics of the heterojunction prepared with
WO3x as a sublayer and LuPc2 as a top layer.
Fig. 6 Complex plane representation (Nyquist plot) of the impedance
spectra of a WO3–LuPc2 heterojunction under a forward bias. The experi-
mental data are fitted to the corresponding equivalent circuit shown in the
inset. Ambient atmosphere (T = 19 1C and rh = 46%).
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Gas sensing
Ammonia (NH3), used as a raw material for fertilizers and as a
freezing gas instead of freon, is also used in livestock production and
in the food industry as a result of biological processes. NH3 is an
important precursor for secondary fine particles in air. This is the
reason why policies are established in Europe to reduce NH3
emissions, for example from agricultural sources.62 The European
labor legislation sets the daily exposure limit at 20 ppm.63 In most
cases, NH3 needs to be measured under humid atmosphere condi-
tions. Moreover, since we have already studied the response of
organic heterojunctions towards NH3,
30,48 it was of interest to study
the present device under the same chemosensing conditions. Upon
exposure to NH3, these heterojunctions exhibit a current increase
(Fig. 8), as expected for an n-type MSDI heterojunction prepared
from an n-type sublayer as M(F16Pc).
30 This confirms that, in the
present device, WO3 transports negative majority charge carriers.
When submitted to repeated exposure/recovery cycles with exposure
periods of 1 min separated by a 4 min-long recovery period under
a synthetic air flow, the device shows good reversibility, with only
a very slight drift. The response depends on the NH3 concen-
tration, as depicted in Fig. 8 in the 10–90 ppm range.
At 50% rh, the relative response is 28% at 20 ppm NH3, which
is comparable – or even better – to that of the most sensitive MSDI
devices reported so far, namely the MSDIs prepared with per-
fluorophthalocyanine complexes as a sublayer (Table 1).48 The
only device reported with a higher sensitivity, up to 8% ppm1,
was obtained with a perylene n-type material as the sublayer,
but the sensitivity of this device sharply decreased after few
days in ambient air.38
The baseline current increases with the rh value, from 0.32 to
0.4 mA when the rh value varies from 30% to 50%. As generally
observed for conductometric devices, H2O and NH3 that are
both electron-donating species induce the same response sign.
However, when the rh value increases from 30% to 50%, the
qualitative response to NH3 remains identical, with a stable base
line and a current increase during the exposure periods. The
baseline is also kept when we carried out experiments at lower
ammonia concentrations, in the range 1–9 ppm (Fig. S5, ESI†).
The effect of ammonia is the neutralization of positive charge
carriers in the LuPc2 layer, leading to a decrease of the energy
barrier at the interface between the two materials, which governs
the transport properties through the heterojunction. This explains
the current increase observed upon exposure to ammonia.
The relative response RR(%) = 100  (I  I0)/I0 increases quasi-
linearly in the range 20–90 ppm NH3, at 30% and at 50% rh as well
(Fig. 9). In this range, a mean value of the sensitivity, S, defined
as the variation of RR on the variation of the NH3 concentration,
S = DRR/D[NH3], is 0.185% ppm
1 and 0.20% ppm1 at 30%
Fig. 8 Variation of the current (red line) as a function of time during
exposure to NH3 in the range 10–90 ppm by steps of 10 ppm (dotted line),
at rh values of 50% and 30% (1 min exposure and 4 min recovery); T = 25 1C.
Table 1 Sensitivities defined as the ratio of the relative response on the
NH3 concentration for a series of MSDI heterojunctions, compared to that
of a LuPc2 resistor and to that of the present device, WO3/LuPc2. All the









Cu(F16Pc)/LuPc2 MSDI n 0.3
a 35 30
Cu(F16Pc)/LuPc2 MSDI n 1.5 25 64
PTCDA/LuPc2 MSDI n 5–8
b 10–30 38
TPDO/LuPc2 MSDI n 0.5 30 39
CuPc/Eu2Pc3 MSDI p 0.04 25–200 34
LuPc2 resistor p 0.02 25 64
WO3/LuPc2
heterojunction




rGO–PANI p 1 d 20 66
CeO2–PANI p 12
d 25 67
5% wt MoO3–WO3 p 200
e 5 68
a Mean value after a 15 min-long exposure period. b But the sensitivity
drops after few days in ambient air. c Studied only at 40% rh.
d Studied
only in dry air. e Operating at 450 1C.
Fig. 7 Variation of the extracted circuit parameters as a function of the
bias of a WO3–LuPc2 heterojunction. The effective capacitance Ceff is
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and 50% rh, respectively. Actually, the sensitivity is higher at
a lower NH3 concentration. At 10 ppm, the modeling of the
relative response as a function of the ammonia concentration
shows a Langmuir-like behavior (Fig. 9).69 It appeared that at
1 ppm the signal to nose ratio stayed correct (410, Fig. S6,
ESI†) meaning that the limit of detection (LOD) was better than
1 ppm, which has never been reported before for MSDI-type
heterojunctions. At concentrations lower than 10 ppm, S rose up
to 1.52% ppm1 at 30% rh and 2.56% ppm
1 at 50% rh (Fig. 9).
So, the present device is more sensitive to NH3 than the
previously studied MSDI. Its performances are comparable to many
other NH3 sensors operating at room temperature (Table 1). Thus,
reduced graphene oxide (rGO) associated with Co3O4 nanofibers
65
or with polyaniline (PANI)66 showed a sensitivity of 1% ppm1.
However, the latter was studied in dry air whereas the first one was
studied only at one rh value, namely 40%. We added two examples
of more sensitive devices. Thus, an heterojunction based on CeO2
nanoparticles coated by a PANI hydrogel showed a sensitivity of
12% ppm1 at RT, but only studied in dry air.67 In the second
example, a sensitivity of 200% ppm1 was reported with a WO3
resistor modified by 5% of MoO3, but this device operates at
450 1C.68 It is not possible to be exhaustive, but these few examples
show that the present sensor favorably competes with previously
reported devices operating at room temperature.
The limit of detection was defined as LOD = 3N/(S  I0),
where N is the noise, determined at 1 ppm on the curve I(t)
(Fig. S6, ESI†). With N being 1 nA and I0 0.36 mA and 0.47 mA,
LODs of 550 and 250 ppb were calculated at 30 and 50% rh,
respectively. It is important to remember that, in Europe, the
daily exposure limit in NH3 is 20 ppm.
63 Thanks to its very high
signal over noise ratio, the device exhibits a very good LOD.
This characteristic comes from the unique properties of LuPc2,
which is an intrinsic molecular semiconductor.
Experimental
Synthesis of the inorganic layer
The tungsten oxide layers were synthesized via an aerosol-
assisted chemical vapor deposition (AACVD) technique. This
is a self-catalyzed method conducted at atmospheric pressure.
Tungsten hexacarbonyl was purchased from Sigma Aldrich and
used as received. A solution was prepared employing 50 mg of
the precursor dissolved in 5 ml of methanol and 15 ml of
acetone. An ultrasonic aerosol generator was employed to
generate fine droplets of the precursor solution, which were
input to a hot-wall CVD reactor through a 0.5 ml min1 flow of
N2. The growth time was adjusted to 30 min and the temperature
of the reactor was set to 370 1C. Tungsten oxide films were grown
onto glass substrates in which ITO interdigitated electrodes
separated by 75 mm lithographed on a 1  1 cm2 glass substrate
and wire bonding paths had been patterned. To protect bonding
paths and allow the growth of the AACVD film onto the electrode
area only, Kapton shadow masks were used. These shadow
masks were produced employing an excimer laser (DWL 66FS,
420 nm from Ailberg instruments). The as-grown films under-
went an annealing process conducted at 400 1C during 2 h under
a 3 l min1 flow of dry air.
Morphology and compositional studies
A LuPc2 organic layer was coated on tungsten oxide, by sub-
limation under secondary vacuum (ca. 106 mbar) in a UNIVEX
250 thermal evaporator (Oerlikon, Germany), and by heating in
a temperature range of 450–500 1C at a rate of 1 Å s1. LuPc2
was synthesized according to a previously reported method.70,71 The
morphology and composition of the resulting hybrid samples were
analyzed via scanning electron microscopy (SEM), atomic force
microscopy (AFM), energy-dispersive X-ray spectroscopy (EDX) and
Raman spectroscopy. Environmental SEM was conducted using
an FEI QUANTA 600 microscope, which was equipped with an
Oxford Instruments microanalysis (EDX) tool. AFM was per-
formed using a Molecular Imaging, Pico SPM II (Pico+) micro-
scope in tapping mode at 190 kHz employing a silicon tip.
Raman spectroscopy was conducted employing a Renishaw
Raman FT-IR spectrometer and a 514 nm laser.
Device and electrical measurements
The workbench used for NH3 exposure, at different relative
humidity (rh) values, has been described previously.
38 Ammonia
gas, at 985 ppm and 98 ppm (mol/mol) in synthetic air was used
from standard cylinders, purchased from Air Liquide, France.
The total flow was in the range of 0.5–0.55 NL min1 depending
on the ammonia concentration and the volume of the test
chamber was 8 cm3. Gas sensing experiments were carried out
in a dynamic fashion, with 4 min-long rest periods alternating
with 1 min-long exposure periods. In the present study, all the
electrical measurements were carried out at the lab temperature
(18–22 1C) unless otherwise specified.
The impedance data were obtained using a Solartron SI 1260
impedance analyser. The frequency range was from 10 Hz to
10 MHz with a fixed ac oscillation amplitude of 300 mV and a
Fig. 9 Relative response, calculated as the mean value over cycles at a
given concentration, as a function of NH3 concentration, at 50% (blue
triangle) and 30% (red circle) rh. At low concentration, the experimental
data are fitted with a Langmuir-like model, the parameters of which are
shown in the inset.
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bias ranging from 0 V to 5 V. Commercial software Zview from
Ametek was used for impedance data fitting and parameter
extraction.
Conclusions
In this paper, the deposition of a highly conductive molecular
material, LuPc2, on a layer of an n-type semiconductor metal
oxide, WO3 nanorods and nanoparticles, has led to a conducto-
metric device in which the charge transport properties are
governed by the interface between the two types of materials.
Thus, as depicted from impedance spectroscopy, the diameter
of the low frequency semicircle collapsed under increasing bias
conditions, which supports the attribution of this semicircle to
interfacial behaviour. The effective capacitance associated with
the low frequency semicircle is ca. 40 times higher than that
associated with the bulk materials, which confirms this hypoth-
esis. The device has been employed for detecting ammonia in a
background of humid air in a wide range of moisture levels. In
contrast to what is generally observed in conductometric trans-
ducers, water and ammonia show opposite effects on the value
of the measured current. Ammonia induces a current increase,
in accordance with the n-type nature of charge carriers in the oxide
sublayer, whereas water molecules lower the energy barrier at the
interface between both materials. Clearly, the heterojunction
shows better performances than individual materials, in particular
as regards stability with respect to humidity. Moreover, all these
devices operate at room temperature.
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3. Conclusions 
Metal oxide gas sensors have been studied successfully and thoughtfully during 
this doctoral thesis. The semiconductor metal oxide sensitive layers have been 
successfully obtained through different synthesis methodologies and their gas 
sensing performance was also effectively examined. The synthetized materials 
have been fully characterized by means of ESEM, HR-TEM, XRD, EDX, XPS, PL, 
ToF-SIMS. These instruments and techniques have been crucial to understand 
the synthetized layers morphology as well as the gas sensing mechanisms 
involved for each material.  
Through a thermal process, under atmospheric pressure conditions and lower 
temperatures in contrast to vapor solid deposition growth, indium oxide (In2O3) 
octahedra have been successfully synthetized reducing considerably the overall 
difficulty and cost of the process. The In2O3 obtained was stenciled onto flexible 
substrates and demonstrated high sensitivity towards low concentrations of NO2. 
Two different morphologies of zinc oxide (ZnO), nanorods and nanoflowers, 
were achieved by means of hydrothermal process. It could be observed that even 
both morphologies were suitable to be employed for NO2 detection, their 
differences had a high impact in the sensing response towards NO2 as 
nanoflowers almost doubled sensor response in comparison to nanorods. These 
differences also confirm that tuning the sensitivity of metal oxides is feasible via 
a modification in morphology.  
Furthermore, wet chemical synthesis and aerosol assisted chemical vapor 
deposition were carried out to obtain lamellar shaped WO3 and WO3 nanowires, 
respectively. Both structures were fruitfully studied under different sensing 
conditions under ethanol and hydrogen atmospheres to better understand the 
difference suffered by a material when its morphology is modified. The results 
showed a difference in the adsorbed oxygen species at high operating 
temperatures and a clear enhancing effect of the response signal due to surface 
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area differences, being the lamellar WO3 the morphology the one that displays 
the highest signal towards ethanol due to its higher surface area in comparison 
to WO3 nanowires. However, when operating at 300 ºC both morphologies 
present a difference in the nature of the oxygen species adsorbed at their surfaces. 
Meanwhile lamellas have mainly O-, nanowires present a mixture between O- 
and O2-. When reacting with ethanol it is clear that having a O2- have a higher 
impact to the resistance change of the sensor, as reacting with O2- species releases 
the double of electrons than reacting with O-. This demonstrated that a sensitivity 
enhancement is achievable when tuning the material morphology.  
On the long term, metal oxide nanowires synthetized via AACVD show an 
unavoidable baseline drift due to their SMOx nature. Nevertheless, a successful 
lowering of the baseline drift was achieved using a second order sigma-delta 
control of the materials surface potential as well as increasing the sensor response 
towards ethanol. 
Aerosol assisted chemical vapor deposition have been demonstrated to be a 
versatile and easy methodology to obtain different nanostructures such as WO3 
nanowires. In addition, AACVD is a methodology that enables the decoration (at 
diverse loading levels) of such nanowires with different transition-metal oxides 
as well as noble metal oxides. Pure tungsten trioxide nanowires layers were 
tested under different gas laboratory-controlled atmospheres for a wide range of 
gases at ppb and ppm levels. The results obtained for such layers reveal the 
expected lack of selectivity and a clear cross-sensitivity for most of the gases due 
to similar responses values when tested under similar concentration for each gas, 
except for NO2 tested at ppb levels. While pure layers suffer from cross-
sensitivity effect, the p-n heterojunction layers synthetized induced on the 
sensing materials behavior a major modification, increasing their selectivity. For 
instance, pure WO3 NWs and nickel oxide decorated WO3 NWs were examined 
under different gases, and the results obtained revealed a 5-times increase in the 
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response towards hydrogen sulfide in comparison to pure WO3 NWs layer under 
the same conditions. This increase was attributed to two main factors, namely the 
material electronic sensitization thanks to the p-n heterojunction presence, but 
also to the chemical sensitization due to the sulfurization / partial desulfurization 
of nickel oxide, which enhances further the response. An effective decoration of 
cobalt oxide nanoparticles was also achieved on a WO3 NWs layers. The pure and 
the decorated layers were also exposed to different gases and in this particular 
case the loaded nanowires revealed and increase in the responses towards 
ethanol and hydrogen sulfide, but especially ammonia response was boosted. 
The responses towards ethanol and hydrogen sulfide benefit from the presence 
of cobalt oxide as they are boosted 60% and 80%, respectively in comparison to 
pure WO3 NWs layers. Despite displaying an increase in sensitivity towards the 
already mentioned gases, the most important increase in the response was for 
ammonia, which increased by 250%. Both the electronic sensitization, for ethanol, 
and combined chemical and electronic sensitization for hydrogen sulfide, 
obtained through the p-n heterojunction were responsible for the development of 
selectivity in cobalt oxide loaded tungsten oxide nanowires. In the case of 
ammonia, the mechanisms involved and responsible for the sensing response are 
still under investigation and remain unknown to us. Iridium oxide loaded 
nanowires were also examined and their selectivity and sensitivity were 
dramatically increased towards concentrations lower than 1 ppm. In this 
particular case the heterojunction material acted as a catalyst for a water splitting 
process, resulting in a 95-fold increase in the overall sensor response in 
comparison to pristine WO3 NWs for 1 ppm of NO2.  
The relative humidity cross-sensitivity effect was also studied on the gas sensing 
properties of WO3 nanowires. The studies demonstrated a general important 
impact of ambient moisture on sensor responsiveness and a decrease in a minor 
or major grade of sensitivity. The main factor responsible for the effects observed 
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is the formation of an adsorbed layer of water molecules onto the sensors surface, 
and the subsequent hydroxylation of the metal oxide films. Target gases need to 
diffuse through this water layer and also face a reduction in the number of 
available sites at the surface of the gas sensitive material, thus lowering 
responsiveness. 
4. Future Work 
Considering all the results obtained, the future research efforts should be focused 
in three main points. The first and most important aspect is to carry out a deeper 
research on how to cope with humidity cross-sensitivity effects, as moisture 
cross-sensitivity remains as an important drawback when thinking in operating 
such sensors under real conditions. Fluctuations in the relative humidity levels 
present in the environment have a clear impact in all the sensors tested, typically 
decreasing their sensitivity. Therefore, the studies carried out in the future 
should be directed towards the synthesis of nanostructured layers for humidity 
resilient sensors. Alternatively, the designing of a system with the ability to 
remove humidity from the atmosphere could be envisaged, understanding 
atmosphere as the air volume in contact with the sensor surface, in order to 
operate under quasi-dry or dry air conditions without interfering with the target 
gas concentration. Secondly, it is necessary to understand and investigate further 
the behavior of such sensors when interacting with a wide range of possible 
harmful gases in view of better assessing selectivity. Therefore, there is a clear 
need to investigate and characterize sensor response towards many different 
gases (i.e. ozone, carbon monoxide, polycyclic aromatic hydrocarbons, and other 
organic compounds released to the atmosphere due to anthropologic sources). 
This study should be conducted not only investigating each gas individually but 
trying to reproduce more complex matrices with gas mixtures as a way to better 
study cross-sensitivity effects. Finally, it is also important to investigate towards 
designing new layer morphologies, with new shapes and metal oxide 
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heterojunctions, as well as improving the control of sensor surface potential, as it 
has been demonstrated that both heterojunction design and surface potential 
control improve considerably the performance of gas sensors.  
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The intensity of the response towards hydrogen and ethanol is significantly higher for 
lamellar tungsten oxide sensors than for nanowire-based sensors. Given the two 
different synthesis routes implemented, lamellar sensors comprised far more tungsten 
oxide material than nanowire sensors. Using more material implies increasing the 
surface area, which eventually results in higher responsiveness. In order to clarify this 
point and remark the importance of surface area, a gas sensing experiment was 
conducted employing two nanowire sensors. The first sensor consisted of (WO3 NWs) 
grown onto a commercial alumina substrate as it is described in the experimental section 
of this paper. In the second sensor (H-WO3 NWs) the amount of precursor employed to 
produce the nanowire sensing layer was doubled, obtaining a film with a higher amount 
of nanowire material. These two sensors were operated at 300 ºC and exposed to 100, 
300 and 500 ppm of H2 and 5, 10, 15 and 20 ppm of ethanol vapors balanced in dry air. 
The results obtained are summarized in Tables S1 and S2.  
 
Table S1. Comparison of response intensities (Rair/Rgas) towards hydrogen for two sensors with different 
amounts of tungsten oxide nanowires in their sensing layers. Sensors were operated at 300ºC.  The last 
column indicates the increase in response achieved by increasing the amount of material (surface area) in 
the sensor. 
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[H2] ppm WO3 NWs H-WO3 NWs % 
100 1.4 1.9 35.7 
300 1.7 2.3 35.3 
500 1.9 2.5 31.6 
 
Table S2. Comparison of response intensities (Rair/Rgas) towards ethanol for two sensors with different 
amounts of tungsten oxide nanowires in their sensing layers. Sensors were operated at 300ºC.  The last 
column indicates the increase in response achieved by increasing the amount of material (surface area) in 
the sensor. 
[Ethanol] ppm WO3 NWs H-WO3 NWs % 
5 3.0 6.6 120.0 
10 3.6 9.1 152.7 
15 4.0 11.0 175.0 
20 4.4 13.0 195.5 
 
Tables S1 and S2 show that nanowire sensors with an increased amount of tungsten 
oxide in their sensitive coatings (higher surface area) increase their response towards 
hydrogen and ethanol by an average factor of 1.3 and 3, respectively. Consequently, 
these results support our assumption that the higher hydrogen and ethanol responses 
obtained for lamellar WO3 nanoparticle sensors are due to their higher effective surface 
area derived from their higher amount of tungsten oxide than in nanowire sensors. 
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Table S1 Average t90 ZnO sensor response for each gas at different temperatures in seconds. 
Nanostructure/ Gas/ 
Concentration 
150 ºC 200 ºC 250 ºC 
NR /EtOH - 20 ppm 774 876.4 30.8 
NF / EtOH – 20 ppm 1768.4 1322.4 35.9 
NF / C6H6 – 10 ppm 380 1730 1200 
NF / NO2 – 1 ppm 1230 809.7 1512 
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Table S2 Summary of results obtained in the chemo-resistive detection of NO2 employing 















Flower- like Hydrothermal Ethanol / 400 350 30.4a 10 S[1] 
Flower-like Microwave 
Hydrothermal 
Ethanol / 100 450 9.5a NA c S [2] 
Flower-like Reverse 
Microemulsion 
NO2 / 40 400 44.8b NA
 c S[3] 
Nanoflowers Hydrothermal NO2 / 10 150 55b 8 S[4] 
Nanorods Hydrothermal Ethanol / 50 320 22a 60 S[5] 
Nanorods One-step Solid 
state reaction 
Ethanol / 100 332 13.5a 
 
NA c S[6] 
Nanorods Hydrothermal NO2 / 1 200 0.3
b 84 S[7] 
Nanorods Hydrothermal NO2 / 10 350 130
b NA c S[8] 
Nanoflowers Hydrothermal Ethanol/ 20 









Nanorods Hydrothermal Ethanol/ 20 









 a Rair/Rgas; 
b Rgas/Rair ; 
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Fig. S1 (a) Alumina transducer substrates employed. The left image shows the back side with 
Pt heating element and the right image shows the front side that comprises Pt interdigitated 
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Fig. S2 Typical N2 gas adsorption-desorption isotherm for BET surface area analysis of ZnO 
(a) nanoflowers and (b) nanorods. 
 
 
Fig. S3 Response comparison of ZnO (a) nanoflowers and (b) nanorods to NO2 increasing 
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Fig. S4 (a) Resistance measures for ZnO nanoflowers and nanorods sensors exposed to 1 ppm 
of NO2 at 200 ºC after 3 months of storage. (b) Sensors response over 3 months’ time for 1 ppm 
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The following figures S1 and S2 correspond to the EDX obtained for the samples grown 
at 400 ºC and 500 ºC. The as mentioned Cl remnant from the precursor has been found 
at 400 ºC by means of EDX. At 500 ºC the temperature is high enough to promote its 




Figure S1. EDX from an In2O3 sample synthesized at 400 ºC. The presence of Cl contamination is 




Figure S2. EDX from an In2O3 sample synthesized at 500 ºC sample. Silicon (Si) signal is given 
due to the holder. 
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Figure S3 summarizes the responses towards nitrogen dioxide of a flexible sensor 
employing indium oxide synthesized at 400 ºC. These results were reported in [15]. The 
responses summarized in Figure S3 are about 5 times lower than those we report now 
for NO2 (in this work). The reasons for such an increase in response may be due to: 
 The elimination of contamination from the gas sensitive film (Cl is present in 
samples synthesized at 400 ºC and this is no longer the case for samples 
synthesized at 500 ºC, as shown by EDX analysis). 
 Better octahedral morphology and ameliorated homogeneity of the coating.
 
Figure S3. Nitrogen dioxide calibration curves for a sensor consisting of indium oxide 
synthesized at 400 ºC coated onto a polyimide flexible transducer. The different curves 
correspond to the different operating temperature tested. Adapted from [15].
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Table S1. Comparison of gas-sensing performances of In2O3 gas sensors using different structures. 

















wet chemical  
90 ºC (3 h) 400 ºC (1 h) Mixed with distilled 
water  





In2O3 nanowires Wet-chemical 180 ºC (30 h) 400 ºC 
(5 min) 








200 ºC (4 h) 600 ºC (3 h) 
 
Sintered at 500ºC (2 h) 
Aged at 300ºC 
(7 days) 







140 ºC (0,5 h) 550 ºC (2 h) Dispersed in water, 
dried at RT, aged at 
400 ºC (2 h) 
100 ºC 87 (1 ppm) Ceramic 
tube 
[S4] 
In2O3 nanobricks Bath heating 96 ºC (2 h) 400 ºC (2 h) Mixed with ethanol, 
dried at RT. Aged at 
130 ºC (24 h) 





100 ºC (24 h) 500 ºC (2 h) Dispersed in 
deionized water 







160 ºC (12 h) 500 ºC (2 h) Mixed with deionized 
water, dried at RT, 
sintered at 500 ºC (2 h) 
150 ºC 41 (500 ppb) Alumina 
tube 
[S7] 
In2O3 octahedra Vapor phase 
transport 
1000 ºC (2 h)  Mixed with 1,2-
propanediol 
130 ºC 120 (1 ppm) Alumina  [S8] 
In2O3 octahedra Oxidation 500 ºC (2 h)  Mixed with 1,2-
propanediol, dried at 
150 ºC 
150 ºC 5.75 (5 ppm) Polyimide This work 
* Response calculated S=Rg/Ra 
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1. Results employing the one-step deposition approach
At first the AA-CVD process was performed in one step mixing both the tungsten oxide 
and the nickel oxide organic precursors in the same solution and subsequently deposited. 
The results obtained through this one step procedure revealed a non-homogeneous nickel 
deposition.
The following table displays the average chemical composition of nickel doped sensors 
resulting from running the 1 step procedure. This composition has been estimated by XPS. 
Low-concentration loading (LC) corresponds to using 2.5 mg of Ni precursor and high-
concentration loading (HC) corresponds to using 5 mg of Ni precursor.
Table S1. Average composition in weight percentage for the Ni-loaded sensing layers 
obtained employing the 1-step deposition approach.
W O Ni
1ST Ni/LC 22.0 76.5 1.5
W O Ni
1ST Ni/HC 22.4 75.8 1.9
The amount of nickel loading is rather low and does not differ substantially for LC and 
HC samples. In addition, the morphology of the Ni-loaded samples is not the expected. 
Even though tungsten oxide nanowires are obtained, in many regions of the samples an 
unexpected cauliflower shaped morphology appears as revealed by SEM (see the 
micrographs below in Figure S1). The EDX analysis of the chemical composition of these 
abnormal microstructures indicates that they contain tungsten and nickel. Considering the 
poor, inefficient results of Ni loading and the abnormal microstructure of the resulting 
films, the single step approach was discarded and a two-step approach implemented.
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Figure S1. A SEM image and the corresponding elemental maps (W  green, O  blue 
and Ni  yellow) for the cauliflower structures present in Ni-loaded samples obtained via 
the single step deposition approach.
2. Additional results on the two-step deposition approach
Sensors were characterized by EDX as qualitative and XPS as quantitative techniques, in 
order to confirm the presence of nickel. The following figure shows the results of EDX 
performed on a Ni-loaded tungsten oxide nanowire sample obtained via a two-step 
deposition approach. EDX confirms the presence of Ni. The Pt peaks in the EDX 
spectrum correspond to the electrodes of the transducer onto which the gas sensitive film 
is deposited.
Figure S2. EDX results for a Ni/HC sensor.
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Figure S3. SEM micrograph of the Ni/LC sample. The HRTEM inset shows that the 
WO3 nanorod is crystalline. The d-spacing between lattice fringes in the inset is 0.39 
nm corresponding to (002) planes in WO3 with triclinic structure (JPCDS 71-0305). 
3. Response times
Tables S2 and S3 summarize the response times for pure and Ni-loaded tungsten oxide 
sensors. The response time t90 indicates the time needed for the sensor resistance to reach 
90% of its steady state value upon a sudden change in gas concentration. Response times 
decrease when the operating temperature increases, as it could be expected. Despite the 
fact that the fastest responses are obtained at 250 ºC, this operating temperature it is not 
always the optimal for achieving the highest response.
Table S2. Case of pure WO3 sensor. Average t90 response for each gas at different 
temperatures in seconds. t90 values appear in bold when they correspond to the operating 
temperature in which sensor response is maximal.
WO3 150 ºC 200 ºC 250 ºC
CH4 – 20 ppm -- 450 255
Ethanol – 20 ppm 832 450 255
NO2  – 10 ppm 650 325 272
H2S – 50 ppm 158 88 119
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Table S3. Case of Ni/HC sensor. Average t90 response for each gas at different 
temperatures in seconds. t90 values appear in bold when they correspond to the operating 
temperature in which sensor response is maximal.
Ni/HC 150 ºC 200 ºC 250 ºC
CH4 – 20 ppm -- 363 199
Ethanol – 20 ppm 848 494 149
NO2  – 10 ppm 1720 1210 568
H2S – 50 ppm 514 90 88
4. H2S and layer degradation
It is well known that hydrogen sulfide is a compound that poisons metal oxide gas sensors 
and results in fast aging of the sensing films. The acidity of H2S leads to a corrosion of 
the structures, altering the original morphology of the gas sensitive films. This effect is 
clearly visible after several hours of operation at 250 ºC and under high hydrogen sulfide 
concentrations (i.e. 50 ppm). As a result the initially observed responsiveness degrades. 
This effect has been studied for the different gas-sensitive layers produced. Figure S4 
shows that morphological changes are visible after the films are exposed continuously to 
50 ppm of hydrogen sulfide at 250 ºC. Some corrugation develops on the walls of the Ni-
loaded tungsten oxide nanowires, indicative of a corrosion effect. Furthermore, XPS 
performed on aged samples indicates a clear reduction in the amount of Ni present on the 
surface of the nanomaterial. These results are summarized in Table S4. Finally, the effects 
of such degradation in the response towards hydrogen sulfide are shown in Figure S5. In 
this experiment the sensor is under and accelerated ageing under high concentration of 
hydrogen sulfide. During the first 9 hours of exposure to 50 ppm H2S at the different 
operating temperatures considered, response remains stable. After this period of time, if 
the sensor surface remains exposed to such a high concentration of hydrogen sulfide, 
response degrades. This effect is more evident at higher operating temperatures.
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Figure S4. Unexposed sensing layer (upper panel) and H2S exposed sensing layer 
(lower panel).
Table S4. Sensing layer average composition in weight percentage after 18 hours of 
exposure to hydrogen sulfide, 50 ppm.
W O Ni
Ni/LC 17.6 81.0 1.4
Ni/HC 18.0 80.0 2.0
WO3 25.0 75.0 0
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Figure S5. Degradation in sensor response after hours of exposure to 50 ppm H2S at the 
operating temperatures of 150 ºC, 200 ºC or 250 ºC.
5. Effect of nickel oxide loading on the response to hydrogen sulfide.
Figure S6. Response for different H2S concentrations of tungsten oxide nanowires 
sensors loaded with different amounts of nickel oxide. The legend indicates the atm. % 
of Ni as revealed by XPS. Sensors were operated at 250ºC.
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1. Loading level effects on gas sensing properties 
To study the effect of cobalt oxide loading on the sensing properties, 
samples of pure tungsten oxide nanowires were decorated with three different 
amounts of cobalt oxide nanoparticles.  This was achieved by using different 
weights of the Co metalorganic precursor during the second AACVD process. 
Namely 2.5, 5 and 10 mg of Co(acac)2 were used to achieve three increasing 
loading levels. A preliminary study was conducted to determine which amount 
of loading resulted in better responses to the species tested. Figure S1 
summarizes these results, which are shown only for the optimal sensor working 
temperatures (i.e., 200 ºC for ethanol and 250 ºC for H2 or H2S). According to 
Figure S1, the presence of cobalt oxide increases the response to ethanol and the 
intermediate loading level (when 5 mg of the Co precursor were used) leads to 
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be best results. Roughly, a two-fold increase in response is achieved in 
comparison to bare tungsten oxide. In contrast, the loading with cobalt oxide is 
not suitable for detecting hydrogen, since the response and sensitivity towards 
hydrogen decrease for cobalt oxide loaded materials. For the detection of H2S, the 
loading with cobalt oxide has a clear beneficial effect. While the intermediate 
loading level leads to higher responses at low H2S concentrations, the high 
loading level works slightly better for H2S concentrations equal or higher than 25 
ppm. According to these results, only two cobalt oxide loading levels are retained 
for performing further studies, these are the amounts that correspond to using 5 
mg and 10 mg of the Co precursor, which from now on are referred as Co/LC and 
Co/HC. 
    
 
Figure S1. (a) Ethanol responsiveness comparison among sensors at 200 ºC. (b) H2 responsiveness 
comparison among sensors at 250 ºC. (c) H2S responsiveness comparison among sensors at 




UNIVERSITAT ROVIRA I VIRGILI 
SYNTHESIS AND GAS SENSING PROPERTIES OF INORGANIC SEMICONDUCTING, p-n HETEROJUNCTION NANOMATERIALS 
Èric Navarrete Gatell 
2. Additional results for material characterization 
Figure S2 shows a typical XRD spectrum of Co/HC loaded WO3 nanowires. The 
peaks in the spectrum are in agreement with those reported in the ICDD card nº 
43-1035 corresponding to monoclinic WO3. The WO3 nanowires are grown on an 
interdigitated platinum electrode on top of an alumina substrate, therefore the 
XRD spectra show different peaks corresponding to the alumina and the 
electrodes. Despite the fact of showing these peaks, the 3 peaks remarked in the 
spectra are attributed to cobalt oxide species corresponding to ICDD card nº 73-
1701.  
 
Figure S2. Typical XRD spectrum recorded on Co/HC sensor. The loaded sensors undergo two 
annealing steps leading to a monoclinic structure with a space group P2/m. 
 
Figure S3: TEM image (a) of Co/HC sample. Selective area electron diffraction (SEAD) pattern (b) 
and EDX spectrum (c) were taken over the area shown in image a. Appearance of carbon and 
copper in the EDX spectrum originate from the TEM grid. 
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Figure S4: SEM image of Co/HC sample showing the presence of light grey and dark grey areas. 
Red arrows indicate light grey areas and blue arrows indicate dark grey areas in the sample. 
A cross-section and element mapping were performed at Thermo Fisher Scientific 
employing a FESEM-FIB-field emission gun SEM-focused ion beam (Figure S5). The 
nanowires present nearly a core-shell structure (WO3 core, CoxOy shell) spreading from 
the nanowires tip to their body. The highest amount of cobalt oxide is found at nanowire 
tips. 
 
Figure S5. FESEM-FIB element mapping image from a Co/HC sensor surface. 
Additionally, room-temperature photoluminescence (PL) measurements were 
made with a chopped Kimmon IK Series He-Cd laser (325 nm). Fluorescence was 
dispersed with an Princeton Instruments Acton SP2750 0.750 m imaging triple 
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grating monochromator, detected using a Hamamatsu H8259-02 with a socket 
assembly E717-500 photomultiplier, and amplified through a Stanford Research 
Systems SR830 DSP. A 360 nm filter was used to filtering the stray light. It is 
worth pointing out that the emission spectra were corrected using the optical 
transfer function of the PL setup. 
 
Figure S6. Room-temperature PL spectra recorded for pure WO3 and Co/LC samples. 
The room-temperature PL spectra are presented in Figure S6. By pumping at 
325 nm, we observed an emission peak of the WO3 NWs at around 450 nm 
(2.75 eV) with a full width at half maximum (FWHM) of 370 meV. When loading 
the WO3 NWs with the cobalt nanoparticles the emission peak is shifted to 480 
nm (2.58 eV) and the FWHM is around 750 meV. The intensity of each spectrum 
was normalized to the maximum emission intensity for relative comparison. This 
broadening observed on the FWHM indicates that the quantity of intrinsic 
defects is higher when loading the WO3 NWs with the cobalt nanoparticles. 
Additional results obtained from XPS analysis revealed the sample composition 
at atomic percentage. 
Table S1. XPS results for the average composition for the different sensing layers in atomic 
percentages (atom. %) before gas exposure. 
Sample Carbon  Oxygen  Cobalt  Tungsten 
Co/LC 10.3 58.0 21.1 10.6 
Co/HC (light) 12.0 54.0 25.0 9.0 
Co/HC (dark) 11.0 55.0 29.0 5.0 
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3. Additional gas sensing measurements  
3.1. Hydrogen gas 
In a similar approach to the one reported for ethanol or hydrogen sulfide, 
the sensors employing pure and cobalt-loaded tungsten oxide were exposed to 
hydrogen at 5, 10, 15 and 20 ppm under dry air conditions. Figure S9 shows how 
increasing the operating temperature of the sensors enhances the response and 
sensitivity towards hydrogen. Pure tungsten oxide operated at 250°C shows the 
highest response and sensitivity towards hydrogen. Therefore, it can be derived 
that loading tungsten oxide nanowires with cobalt is not useful for enhancing 
their response to hydrogen. Figure S10 reports the responses to hydrogen of 
cobalt loaded tungsten oxide samples, when measured under humid conditions. 
Similarly, to what was found for ethanol, Co/HC samples operated at high 
temperatures retain their responsiveness to hydrogen when there is humidity in 
the background (50% R.H.). However, this responsiveness is rather low. 
 
Figure S7. Effect of the amount of cobalt loading and operating temperature on 
the response to different concentrations of hydrogen (diluted in dry air).  
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Figure S8. Humidity effect on hydrogen sensing at different operating 
temperatures for cobalt-loaded samples. 
3.2. Ammonia vapors 
Ammonia at 25, 50, 75 and 100 ppm was tested under dry air conditions at 3 different 
temperatures (i.e. 150°C, 200°C and 250°C) following the same procedure as for the other 
gases characterized. Sensors displayed a tendency to saturation when exposed to 
ammonia concentrations higher than 25 ppm. Therefore, only ammonia 25 ppm results 
are discussed in detail. Ammonia displays an unusual behavior being found to act as a 
reducing species when tested with Co-loaded sensors operated at 150°C and 200°C. On 
the other hand, it exhibits an oxidizing behavior for pure WO3 (at any of the operating 
temperatures tested) and for Co-loaded sensors operated at 250°C. This abnormal 
behavior when ammonia is detected employing tungsten oxide has been reported 
previously [S1,S2]. Furthermore, operating temperature has a high impact on sensor 
response. For example, 200°C is the optimal temperature for detecting ammonia using 
pure tungsten trioxide, meanwhile 250C is the optimal temperature for a Co/LC sensor. 
Co/HC shows the lowest ammonia response and thus, higher levels of cobalt oxide 
loading are detrimental for detecting ammonia. Figure S12 indicates that, under dry 
conditions, a Co/LC sensor operated at 250°C is quite selective to ammonia. The effect 
of ambient moisture in the detection of ammonia vapors was studied as well. In the 
presence of moisture (35% R.H. at 25°C), the response towards 25 ppm of ammonia for 
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a Co/LC sensor operated at 250°C was 2.3 (this response was nearly 13 under dry 
conditions). Therefore, the presence of humidity heavily influences the response 
towards ammonia. 
 
Figure S9. Sensors response for ammonia vapors operated at different temperatures under dry 
air conditions. Response calculated as Rair/Rgas for Co/LC and Co/HC at 150°C and 200°C; 
Response calculated as Rgas/Rair for WO3 at all temperatures tested and 250 ºC for both Co/LC and 
Co/HC. 
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Figure S10. Sulphur 2p core level spectrum recorded after H2S detection. The relative amount of 
sulphur at the active layer surface was 1%. The peak centered at 168.8 eV indicate the presence of 
S-O bonds while the apparent increase in the counts around 162 eV suggest the presence of S-Co 
bonds [S3][S4]. The noise in the spectrum can be explained by the relative low amount of sulfur 
atoms.  
[S1] Dac Dien Nguyen, Duc Vuong Dang and Duc Chien Nguyen, Hydrothermal 
synthesis and NH3 gas sensing property of WO3 nanorods at low 
temperature, Adv. Nat. Sci.: Nanosci. Nanotechnol. 2015, 6, 035006 
[S2] Han Li, Wuyuan Xie, Tianjie Ye, Bin Liu, Songhua Xiao, Chenxia Wang, 
Yanrong Wang, Qiuhong Li, and Taihong Wang, Temperature-Dependent 
Abnormal and Tunable p-n Response of Tungsten Oxide–Tin Oxide Based 
Gas Sensors, ACS Appl. Mater. Interfaces 2015 7 (44), 24887–24894 
[S3] K. Huang, J. Zhang, G. Shi, and Y. Liu, “One-step hydrothermal synthesis 
of two-dimensional cobalt sul fi de for high-performance supercapacitors,” 
Mater. Lett., vol. 131, pp. 45–48, 2014. 
[S4] X. Meng, J. Deng, J. Zhu, H. Bi, E. Kan, and X. Wang, “Cobalt Sulfide / 
Graphene Composite Hydrogel as Electrode for High- Performance 
Pseudocapacitors,” Nat. Publ. Gr., pp. 1–9, 2016. 
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Additional material characterization. 
The iridium oxide nanoparticles are dispersed in a suspension in methanol prior 
to their loading of WO3 nanowire layers. Such a suspension presents a wide range 
of particle sizes, which range from several micrometers to few nanometers. The 
AACVD system acts as a filter, as its N2 flow can only carry small nanoparticles 
ranging from few nanometers up to hundreds of nanometers as it can be seen 
from the images obtained by TEM S1 and S2. Only small nanoparticles are 
actually dragged by the carrier gas flow into the reactor and become eventually 
deposited onto the WO3 nanowires. Bigger (i.e., heavier) particles are not wasted 
because they remain in the vessel in which the aerosol is generated. Once a 
loading experiment finishes, all the remnant material (IrO2 micro-particles) can 
be recovered and, after a milling treatment to decrease their size, they can be 
recycled in a new loading process. 
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Figure S1. TEM image of commercial iridium powder. The particles present a wide 
range of morphologies as well as a size dispersion. 
 
Figure S2. TEM image of nanoparticles able to reach the WO3 nanowire surface 
ranging from few nanometers up to 100 nm. 
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Figure S3. XRD performed to the commercial IrO2 powder. The material presents a 
high crystallinity having a tetragonal lattice with a spatial group P42/mnm matching 
the ICDD card nª 01-088-0288. 
 
Figure S4. shows SEM images of pure and iridium oxide loaded tungsten oxide 
nanowires. The two images have similar magnification, showing clearly the striking 
differences in morphology that exist between pure and iridium oxide loaded samples. 
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Figure S5. XPS survey spectrum showing the expected position for W, O, C and Ir XPS 
peaks, in WO3:IrO2. Due to the low amount of Ir oxide nanoparticles at the WO3 
nanoribbons surface the peaks generated by photoelectrons emitted form Ir atoms are 
buried under the background due to secondary electrons. 
 
Additional gas sensing results 
Hydrogen results 
Sensors were exposed to hydrogen diluted in air at concentrations of 5, 10, 15 and 
20 ppm. The results obtained for each sensor are summarized in Figure S5. Sensor 
responsiveness, both for pristine and iridium oxide loaded samples is low. 
Measurements conducted at 150 ºC revealed the lack of response of iridium oxide 
loaded sensors and the very small response of pristine WO3 sensors. At higher 
operating temperatures, both IrO2/LC and IrO2/HC, showed a small response, 
which increased as the operating temperature raised.  
 
Figure S6. Sensor response for hydrogen detection at different working temperatures, 
from left to right panels; 150 ºC, 200 ºC and 250 ºC. 
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Ammonia Vapors results 
Sensors were exposed to ammonia vapors at concentrations of 5, 10, 15 and 20 
ppm. The results obtained for each type of sensor are summarized in Figure S6. 
Overall, sensor responsiveness when exposed towards ammonia is low. 
Measurements conducted at 150 ºC had revealed the occurrence of sensor 
response saturation at concentrations of 10 ppm and higher. At 200 ºC sensitivity 
is slightly improved in spite of the fact that the response of pristine WO3 sensors 
is equal or better than the one obtained with iridium loaded sensors. When 
humidity is present, pristine WO3 nanowire samples display a similar response 
to the ones obtained under dry air conditions for the lower working 
temperatures. On the other hand, iridium oxide loaded sensors increase their 
response in particular IrO2/LC showing that the presence of humidity enhances 
sensor response towards ammonia vapors.   
 
Figure S7. The left panel shows sensor response while operating at 150 ºC; the middle 
panel shows sensor response while operating at 200 ºC; the right panel shows sensor 
response while operating at 250 ºC under 30% R.H. conditions. 
 
Table S1. Average response times (t90) for ethanol, hydrogen sulfide and 
nitrogen dioxide at different operating temperatures in seconds. t90 values 
appear in bold when they correspond to the operating temperature in which 
sensor response is the faster for a given gaseous species. 
 
Sensor Gas Concentration (ppm) 150 ºC 200 ºC 250 ºC 
WO3 Ethanol 20 832 450 255 
IrO2/LC Ethanol 20 1125 364 115 
IrO2/HC Ethanol 20 600 110 45 
WO3 H2S 20 1265 380 40 
IrO2/LC H2S 20 925 215 19 
IrO2/HC H2S 20 1315 390 20 
WO3 NO2 1 1530 1570 1180 
IrO2/LC NO2 1 1500 1600 1170 
IrO2/HC NO2 1 765 870 1340 
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Baseline resistance measurements performed under nearly dry and humid 
conditions 
We have measured the resistance of the sensors employing different materials 
under dry (R.H. <3%) and wet (35% R.H.) conditions at the different operating 
temperatures.  
 
Figure S8. Resistance comparison for all sensors under synthetic air flow for dry and 
R.H. conditions tested at 150 ºC, 200 ºC and 250 ºC. 
 
The effect of ambient moisture on the baseline resistance of the different 
nanomaterials studied is summarized in Figure S8. For the temperature range 
tested, the presence of iridium oxide in tungsten oxide nanowires results in 
increased baseline resistance. When under dry conditions, the resistance of the 
films increases when the amount of iridium oxide is increased. This supports our 
assumption that the presence of IrO2 helps increasing the amount of oxygen 
species adsorbed on tungsten oxide nanowires (oxygen adsorbates trap electrons 
via the conduction band of tungsten oxide, which results in an increased baseline 
resistance). 
The baseline resistance of iridium oxide loaded tungsten oxide films operated at 
150 ºC is heavily affected by changes in ambient moisture.  Baseline resistance 
decreases if water content is increased. In comparison, the baseline of pure 
tungsten oxide films is little affected by such changes. These results support the 
mechanism in which water molecules are split generating iridium oxyhydroxide 
(IrO2OH) and releasing electrons towards the conduction band of tungsten oxide 
nanowires. 
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Furthermore, the optimal working temperature is found experimentally at 
200 ºC, suggesting a trade of between the water molecule adsorption and 
subsequently iridium hydroxylation and the desorption of byproducts leading to 
an equilibrium were the electron transfer and the material response are 
maximized. The baseline resistance of iridium oxide loaded tungsten oxide 
nanowires is less affected by moisture conditions when these materials are 
operated at 200 ºC and 250 ºC. This is because the adsorption of water molecules 
on IrO2 is less favored at high temperature in comparison to 150 ºC. In addition, 
250 ºC is the temperature tested at which water adsorption is less favored and 
sensor response is decreased dramatically as the iridium hydroxylation (derived 
from its interaction with water molecules), a key step, is also reduced. 
 
Additional XPS results 
In the XPS spectrum recorded after an IrO2-WO3 sensor had been exposed to NO2 
we observed a low intensity peak centered at 407.3 eV (see Figure S9) that can be 
associated to nitrogen species adsorbed at the sensor active layer. A closer 
inspection shows that this peak can be reproduced by two components 
(Gaussian-Lorentzian) and a background (Shirley). The component at 407, 6 eV 
is representative of photoelectrons emitted from nitrogen atoms in NO3– [S1-S4] 
while the other component at 405,7 eV has been reported to be due to the 
presence of physisorbed NO2 [S2,S4]. 
 
Figure S9. XPS spectrum recorded in the N1s core level region for an IrO2-WO3 
sensor previously exposed to NO2. The spectrum was reproduced using two 
Lorentzian-Gaussians and a Shirley background. 
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Additional TOF-SIMS studies 
TOF-SIMS was used to explore an Ir-IrO2-WO3 sensor exposed to humidified air. 
Figure S10 displays the peaks two isotopes of IrO2-OH-.  These peaks occur with 
differences between the theoretical and experimental m/z ratios as low as 0.01.  
Besides, the experimental isotopic ratio 191IrO3H-/IrO3H- (0.80) is close to the 
theoretical one (0.59). Hence, these observations demonstrate that IrO2-OH- 
moieties occur at the surface of the material exposed to humidity under operating 
conditions. It also worth mentioning that, in the same way, the occurrence of 
IrO2-H- isotopes were also confirmed in the negative spectra.  
 
Figure S10. Negative ToF-SIMS spectrum from m/z = 239.5 to 242.5.  The Figure 
displays the IrO3H- isotopes.” 
 
S1. Haubrich, J.; Quiller, R. G.; Benz, L.; Liu, Z.; Friend, C. M. (2010). In-Situ 
Ambient Studies of the Chemistry of NO2 and Water on Rutile TiO2 (110). 
Langmuir, 26, 2445−2451. 
S2. Rodriguez, J. A.; Jirsak, T.; Liu, G.; Hrbek, J.; Dvorak, J.; Maiti, A. (2001). 
Chemistry of NO2 on Oxide Surfaces: Formation of NO3 on TiO2 (110) and 
NO2↔O Vacancy Interactions. J. Am. Chem. Soc., 123, 9597−9605. 
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Figure S1 corresponds to the ESEM image obtained for a sample of tungsten oxide AA-
CVD grown at 370 °C and subsequently annealed at 500 °C for 2 hours in dry air. The 
sample has been grown onto the application substrate that already comprised 
interdigitated ITO electrodes. The image shows that the tungsten oxide layer uniformly 
covers the whole electrode area.
.
Figure S1. E-SEM micrograph. Interdigitated ITO electrodes are covered with an AA-CVD 
grown WO3 layer. The electrode pattern is still visible underneath the 5-micron thick 
tungsten oxide film.
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After the annealing an XRD was carried out to determine the crystalline structure 
present on the WO3 film. Figure S2 shows the spectrum obtained. The features in this 
spectrum match those of the JPDC card 43-1035 for a crystalline tungsten trioxide 
belonging to the monoclinic system with a space group P21/n. The cell parameters are a 
= 9.05 Å, b = 9.07 Å, c = 11.61 Å and the angle β = 90.77°. The peaks indicated by an 
asterisk correspond to the presence of the ITO electrodes on the substrate where 
tungsten oxide was grown. Once the tungsten oxide film had ben coated with the thin 
Pc2Lu film, further XRD analysis did not reveal changes to the spectrum shown in Figure 
S2. This is indicative that the organic film was below 100 nm thick.
Figure S2. XRD spectrum obtained for the WO3 nanowire films. Tungsten oxide shows a 
monoclinic crystalline phase.
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Figure S3 shows typical EDX results obtained for an AACVD tungsten oxide film coating 
a silicate glass substrate in which ITO interdigitated electrodes had been patterned. The 
Si, Ca and Na peaks correspond to the silicate glass substrate and the In peak can be 
attributed to the electrodes. The EDX shows clearly the presence of tungsten and, finally, 
of some carbon contamination, which is often detected in samples exposed to ambient 
air.
Figure S3. EDX spectrum obtained for an AACVD tungsten oxide film coating a glass 
substrate having ITO electrodes.
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To check the contact between the ITO electrodes and the WO3 layer a current-voltage 
curve was measured. A DC voltage sweep was applied to the interdigitated electrodes 
underneath the tungsten oxide layer. Figure S4 displays these results. The fact that the 
current-voltage characteristic is almost linear supports the existence of an ohmic 
contact between the electrodes and the tungsten oxide film.
Figure S4. Voltage vs Intensity plot obtained for the WO3 layer coating interdigitated 
ITO electrode
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To investigate what the limit of detection is for the organic-inorganic MSDI devices 
discussed here, an experiment was carried out in which low ammonia concentrations 
were measured repeatedly (1 to 9 ppm). These results are summarized in Figure S5. 
Response intensity is highly reproducible. The fact that for 1 ppm, the signal is still 6 
times higher than the noise level observed, is indicative that the limit of detection for 
ammonia is clearly below 1 ppm (in the hundreds of ppb range).
Figure S5. Variation of the current (red line) as a function of time during exposure to NH3 in 
the range 1-9 ppm (dotted line), at relative humidity values of 50 % and 30 % (1 min exposure 
and 4 min recovery); T = 20 °C.
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